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ABSTRACT 
The potential of two unusual methods of zeolite synthesis has been 
investigated; firstly the synthesis of zeolites in the form of 
pseudomorphic aggregates and secondly zeolite synthesis by soxhiet 
extraction of silica. 
Pseudomorphic particles of silicalite-1 and ZSM-5 have been 
synthesised in stirred autoclaves and characterised by a variety of 
techniques including X-ray powder diffraction, scanning electron 
microscopy and thermal analysis. Some ZSM-5 samples have been 
further characterised by N2 sorption, mercury porosimetry and 
pyridine desorption and have also been tested catalytically, using 
the isomerisation of a meta-xylene feedstock as the test reaction. 
Further investigations into pseudomorphic synthesis have included 
the use of different types of reactor and the way in which this 
affects the products; and attempts to synthesise a variety of 
zeolites and silica molecular sieves in pseudomorphic form. 
Soxhlet extraction of silica was used to enable zeolite synthesis 
from an essentially monomeric silica source. Investigations into the 
potential advantages of this synthesis technique have been carried 
out in both aqueous and organic-based reaction mixtures. 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 Introduction to Zeolites 
Zeolites are crystalline aluminosilicates having a 3-dimensional 
structure characterised by channels and voids of molecular 
dimensions( 1 ). They were first discovered in 1756 by the 
mineralogist Cronstedt, who identified natural stilbite( 2 ). 
Subsequently, many naturally occurring zeolite structures have been 
recognised( 3 ). 
In nature zeolites are found in rocks of volcanic origin as large 
crystals in basaltic vesicles. Large deposits of very small crystals 
are also found in sedimentary rocks which have been formed from 
volcanic ashes and tuffs and subsequently altered in alkaline 
aqueous conditions( 4 ). These sedimentary deposits can be 
commercially exploitable. Of particular significance are deposits of 
natural clinoptilolite, chabazite and mordenite. 
Early research into the synthesis and properties of zeolites was 
carried out in the 1940s. It was at this time, following the first 
major demonstrations of the use of zeolites in separations, that 
Barrer's investigations into hydrothermal synthesis were begun. 
Early zeolite syntheses followed geological conditions. Materials 
successfully produced by such methods included mordenite, analcite 
and a barium zeolite with molecular sieve behaviour resembling 
chabazite( 5 ). At around the same time, crystallisation of the 
synthetic zeolites A and X was reported by Milton and colleagues at 
Union Carbide(6'7' 8 ). Zeolite X has the structure of the rare 
mineral faujasite. Zeolite A, however, was the first zeolite 
synthesised which had no natural counterpart. Many more zeolites 
with novel structures have now been synthesised(9). Some of these 
are of great commercial importance, most notably zeolites Y(10,11) 
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and ZSM_5(10, 11, 12, 13) 
1.2 Zeolite Structure 
1.2.1 Introduction to Zeolite Structure 
The basic units from which zeolites are constructed are tetrahedra 
centred on silicon or aluminium atoms and linked via oxygen atoms to 
give an overall mole. ratio, for (Si+Al)/O, of 1/2. Interconnection 
of these simple tetrahedra forms the networks of channels and 
cavities which characterise zeolite frameworks. 
Tetrahedra centred on Sik+ are electrically neutral but each 
tetrahedrally co-ordinated A13+ carries a negative charge, resulting 
in an overall negative charge on the zeolite framework. To preserve 
electrical neutrality, this structural charge is balanced by cations 
which are not incorporated into the framework itself but occluded 
within the voids. The structural polarity also leads to the presence 
of water molecules within the zeolite framework. Both cations and 
water molecules have considerable mobility, allowing both ion 
exchange and reversible hydration/dehydration of zeolite structures. 
The number of cations present depends upon both the Si/Al ratio of 
the zeolite lattice and the cation valency. The amount of water 
within the channel network varies according to the lattice 
composition, the nature of the cations and the porosity of the 
framework. 
The overall composition of zeolites can be represented by the 
formula: 
M21O . A1203 . xSi02. yH20 
where N is a cation of valency n, y is the relative number of moles 
of water present and x is greater than or equal to 2 as, according 
to Loewenstein's Rule(14) , Al-O-Al linkages are disallowed. This 
rule has been found to be obeyed by all known zeolite structures. 
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Analogous structures which contain only Si02 tetrahedra are also 
known and, more recently, structures into which elements such as Fe, 
B, P, Ge have been substituted have also been synthesised. These are 
not zeolites although they often have the same framework structures. 
For each zeolite there is a small subunit from which the whole 
framework may be constructed. These are known as secondary building 
units (SBU). Eight of these subunits, as shown in Figure 1.1, were 
defined by Meier(15). Although by definition each zeolite framework 
can be constructed from a single SBU, many structures can be based 
on several different SBUs. Zeolites can be classified according to 
the SBU from which their framework may be constructed. A list of 
zeolites classified in this way is presented in Table 1.1. 
In certain cases it may be simpler to describe zeolite structures in 
terms of the polyhedra from which they may be built. These are 
defined as tertiary building units and in an individual zeolite 
structure there may be just one or several of such units. One well 
known example is the sodalite cage, also known as the beta cage or 
truncated octahedron. Figure 1.2 shows this unit and some of the 
ways in which it can be connected to produce different zeolite 
structures. 
The feature of zeolite structures which is crucial to their 
applications is the size of their channels and cavities. These are 
commonly in the range 0.3-1.0 nm in diameter, thus giving zeolites 
their capacity to act as molecular sieves, sorbents and 
shape-selective catalysts. The channels and cavities are of very 
precise dimensions. Access to the cages is restricted by the size of 
their openings, often referred to as windows. These may be described 
by the number of tetrahedrally connected atoms (T-atoms), or 
alternatively oxygen atoms, from which they are constructed. Due to 
their greater size it is the oxygen atoms which define the window 
size. 
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Further aspects which affect the window size include pore geometry 
and the presence of charge balancing cations. Window dimensions are 
affected by the cation size and the position which it occupies 
within the zeolite lattice. By exchanging the identity of the 
balancing cations the pore dimensions of a zeolite may be fine tuned 
for a particular use. Classification of zeolites according to pore 
size is shown. in Table 1.2. 
The porosity, or void traction, of a zeolite is determined not only 
by the pore dimensions but also the number of pores per unit volume 
of crystal. The number of dimensions in which channels run is 
particularly important in determining the usefulness of a zeolite 
structure. During synthesis faulting may occur, resulting in channel 
restriction or blockage. The effects of this are most serious in a 
unidimensional channel system. Three-dimensional channel systems 
provide the.greatest degree of freedom and flexibility of movement 
for sorbed species and are therefore least sensitive to pore 
blocking. The dimensionality of the channel system is also very 
important when zeolites are used as catalysts since unidimensional 
channel systems are most readily blocked by coking. 
The known zeolite structures are described in Meier and Olson's 
"Atlas of Zeolite Structure Types"(l&); in the following sections 
structures relevant to this thesis are discussed. 
1.2.2 The Structure of Zeolite ZSM-5 
ZSM-5 is a synthetic, high silica, medium pore zeolite which has no 
natural counterpart. The structure(1718) contains two types of 10 
T-atom channels. Straight channels of elliptical cross-section which 
rim in one dimension are intersected at right angles by sinusoidal 
channels of circular cross-section. This pore structure is shown 
diagrammatically in Figure 1.3. The linking of the two-dimensional 
channels is seen to produce a three-dimensional network. Figure 1.3 
also shows the dimensions of both sets of pores. The aluminium free 
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analogue of ZSN-5 is known as silicalite-l. Since only adventitious 
aluminium is present in the framework it has no ion exchange or 
catalytic properties, but is a useful hydrophobic (organophilic) 
sorbent. The unit cell, which is the smallest repeat unit of the 
zeolite structure, consists of 96 Si02 tetrahedra in the case of 
silicalite-1. In the ZSM-5 structure, a proportion of these 
tetrahedra will be centred on Al atoms. The framework structure of 
ZSM-5 and silicalite-1 has been designated MFI( 16 ). 
ZSM-5 is an industrially important material with many uses 
especially in the field of catalysis where its applications include 
the isomerisation of C6 aromatics, dewaxing and methanol to gasoline 
conversion(10.11.19.20). It also has potential for use as a 
sorbent (2 1. 22 
1.2.3 The Structures of other High Silica Zeolites 
Zeolite ZSM-11 
The structure of ZSN-11 is closely related to that of ZSM-5(23 , 24) • 
Its structure contains two sets of straight channels with circular 
cross-sections and of diameter 0.54 x 0.56 run, which intersect at 
right angles to produce a 3-dimensional pore system as shown in 
Figure 1.3. The similarity between ZSM-11 and ZSM-5 is such that it 
is difficult to synthesise an entirely pure sample of ZSM-11 as 
intergrowths are often formed(25). The aluminium free analogue of 
ZSM-11 is known as silicalite-2(26). The structure type of these 
materials has been designated MEL( 16 ). 
Zeolite EU-i 
EU-i is another medium pore, high silica zeolite(2728).This 
material contains unidimensional channels with 10 T-atom windows of 
dimensions 0.58 x 0.41m. Side pockets of 12 T-atom rings (of 
diameter 0.68 x 0.58nmn and 0.81m deep) open off these channels at 
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right angles but do not intersect. This has been designated the EUO 
structure. 
Zeolite ZSM-12 
ZSM-12 contains linear 12 T-atom ring channels and is thus a large 
pore zeolite. Again these channels are unidirnensional( 29 ). The 
structure has been designated MTW( 29 ). 
Zeolite Structures Characterised by Unidimensional 10 T-atom 
Channels 
This class of zeolites includes the material known variously as 
Nu-10, Theta-1, ZSM-22,ISI-1 and KZ-2 (structure type TON( 30 )) which 
contains straight channels in a single dimension(30'31). ZSM-23 
(structure type MTF( 32 )) has a very similar structure. A third 
material, ZSN-48 (33), also contains straight, non-interpenetrating 
channels. The structure of this material has not yet been fully 
elucidated. 
1.3 Zeolite Synthesis 
1.3.1 Introduction to Zeolite Synthesis 
The early laboratory syntheses of zeolites were carried out under 
conditions which followed the processes believed to occur in nature. 
Hydrothermal crystallisation is still the most commonly used 
synthesis method, although the ranges of reagents and conditions 
used are now substantially different from those found in nature. 
Synthetic zeolites are generally crystallised from alkaline, aqueous 
systems using temperatures of 80-300°C. In the case of commercially 
produced zeolites the synthesis temperature is generally in the 
range 100-1600C(34). The typical components of a synthesis mixture 
include water, a reactive silica source, a reactive alumina source, 
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a base (inorganic or organic) and, in some cases, an organic 
template. Salts may also be added to some reaction mixtures. A 
standard synthesis procedure involves the mixing of these components 
to form a gel which is then heated to crystallise the zeolite 
product. 
1.3.2 History of Zeolite Synthesis 
The early zeolite syntheses carried out in the 1940s have already 
been mentioned in Section 1.1. Structures such as zeolite A and 
zeolite X were synthesised from mixtures containing alkali or 
alkaline earth metal hydroxides. These are low silica zeolites, 
having a silicon to aluminium ratio close to unity. Due to their 
high aluminium content these materials have a relatively low 
stability to heat and acid media. It was later realised that 
zeolites of higher silica content would have improved stability. 
Zeolite Y was discovered by Breck(3 4 ) and first used industrially in 
1959. The framework structure is the same as that of zeolite X, but 
zeolite Y has a silicon to aluminium ratio of between 1.5 and 3.0 
(although materials modified by dealumination may have higher Si/Al 
ratios) and is classed as an intermediate silica structure. Again, a 
gel containing alkali metal hydroxide was used to synthesise this 
material. It was found that materials such as zeolite L and 
synthetic mordenite could also be synthesised from systems of this 
type. 
Synthesis of the first high silica zeolites was achieved in the 
1960s. The crystallisation of these materials was achieved by the 
use of organic cations in the synthesis mixtures. The first of these 
to be tried was the tetramethylammonium (ThA) cation(35 - 3 7 ). Two 
effects-which resulted from the use of this cation were 
reported(36); firstly a structure directing influence, leading to 
the formation of many small cages; and secondly alteration of the 
gel chemistry to result in the synthesis of more siliceous 
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materials. 
The successful use of the TMA cation led to further investigations 
using different tetraalkylammoniuin ions and also other bulky organic 
cations(39 -41 ). The tetraethylammonium ion was used in the synthesis 
of zeolite beta(3 9 ) and the tetrapropylammonium cation produced 
ZSM-5(42), which has subsequently proved to be one of the most 
useful synthetic zeolites(10. 43 ' 44 ) . Other high silica zeolites 
which have been synthesised by the use of quaternary ammonium ions 
include ZSM-11() , EU-1(27) , Nu_10( 46 ) , ZSM-12(47) , ZSM-21(46) 
ZSM-3+(49) and ZSM-48(50). Some of these structures have been 
described in Section 1.2.3. 
During the same period the first silica molecular sieves were also 
synthesised. This class of materials includes silicalite-1( 51 ) and 
silicalite-2( 52 ), the isostructural counterparts of ZSM-5 and ZSM-11 
respectively. These materials were also synthesised with 
tetraalkylammonium cations. Other molecular sieves, such as the 
silica form of ZSM-48, have also been synthesised. In addition, 
several materials in which the organic material is trapped in the 
silica framework, for example silica-ZSM-39( 53 ), have been prepared. 
These materials are known as clathrasils. 
More recently, developments in synthesis have led to the production 
of further classes of molecular sieve. The replacement of some of 
the T-atoms in zeolite structures by other trivalent or tetravalent 
atoms has been shown to be possible(54). Examples of elements which 
may be used include boron, gallium, germanium and iron. The direct 
synthesis of molecular sieves in which aluminium and phosphorus are 
the sole T-atoms has also been achieved. These A1PO4 materials are 
currently one of the major areas of interest in the field of 
molecular sieves. Success in the synthesis of these materials has 
inspired research into related structure types such as SIPO , FePO 
and MeAPO 
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1.3.3 Outline of Synthesis Mechanism 
Two possible mechanisms for zeolite synthesis have been proposed. 
The first of these describes crystallisation via dissolution of 
silica and alumina reagent phases followed by recrystallisation as 
the zeolite phase. In the second mechanism, crystallisation via a 
solid-solid transformation involving bond rearrangements is 
postulated. Evidence in support of both of these mechanisms has been 
published( 55-58 ) but of the two, the first is more widely 
accepted(59) and has been used as the basis of much of the work 
reported here. 
Before nucleation of a crystalline phase can occur, the reagent 
solution must become supersaturated with regard to this phase. Thus, 
there is often a delay before nucleation occurs, although subsequent 
crystal growth may be rapid. The number of nuclei which form is 
dependent upon the degree of supersaturation: where this is small a 
relatively small number of nuclei will form, leading to the 
production of a small number of large crystals, while higher 
supersaturation will produce many small crystals. The extent of 
dissolution of the initial reagents required for supersaturation of 
the solution with respect to the zeolite product is dependent upon 
factors such as temperature and pH. 
The nature and distribution of the silicate and aluminosilicate 
species present in solution are also strongly influenced by the 
temperature and pH. The forms in which these may be present range 
from simple monomers to more complex silicate or aluininosilicate 
polymers(60). In aluminate solutions, the dominant ion is Al(OH)4-, 
which at high Na20 concentrations is perhaps dehydrated to form 
A102 - ( 61 ). The range of silica species present in a reaction system 
is often much more complex, and the composition of the solution 
phase is much more difficult to determine. Iler(6 2 ) discusses the 
nature of the silica species and gives guidelines to the 
identification of the species present under different conditions. 
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In solution, silica forms silicic acids, the simplest of which is 
monomeric silicic acid Si(OH)4. Monomeric silicic acid is stable in 
water for long periods of time at 25°C and at concentrations of less 
than 2 x 10-3 molar(6 3 ). Increased concentration leads to rapid 
polymerisation, with the formation of increasingly complex 
polysilicic acids and ultimately colloidal particles. The maximum 
achievable concentration of monosilicic acid is determined by the 
solution temperature and the nature of the silica source. When this 
rmcôctrationis reached, dissolution of further silica can 
only be brought about by the formation of oligomeric silicic acids 
or by the addition of base, which is the usual practice in zeolite 
crystallisation. The base makes the solution alkaline and in some 
cases its cation may act as a template. 
If the first of the mechanisms proposed for synthesis is accepted, 
then crystal growth proceeds by the addition of units from solution 
onto the crystal surface by condensation polymerisation. Species in 
solution range from simple monomers to larger species which may 
participate in either nucleation or crystal growth. Successful 
crystal growth requires a steric fit between the hydroxyl groups on 
the crystal surface and those on the precursor in solution. The 
complexity of the required fit increases with the size of the 
solution species, reducing the probability of successful crystal 
growth. It can be seen that the units which stand the greatest 
chance of successful attachment to the crystal face are the simplest 
ones and it should also be noted that if a larger unit attaches 
incorrectly then crystal growth may be unable to continue until this 
has been detached. Alternatively a faulted structure may be formed. 
Barrer(6 4 ) suggests that the steric fit requirement may be the 
mechanism by which the continued growth of the zeolite structure 
which has nucleated is ensured, but suggests that if growth were 
purely from monomeric species-then less open frameworks might be 
expected. Wieker and Fahlke(6 5 ) also believe that the silicate 
building units which are present control the molecular sieve which 
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crystallises from a mixture. 
The picture of synthesis by dissolution and recrystallisation is 
very much simplified as many other processes may be occurring 
simultaneously. The complexity of zeolite crystallisations is 
increased by the fact that zeolites are thermodynamically metastable 
phases. It is therefore possible that during a single synthesis a 
succession of different crystalline phases, of increasing stability, 
may form. The desired product may in some cases be formed via 
intermediate species or in others may overrun to more stable 
species. Clearly, in such systems the concurrence of several 
separate dissolution, nucleation and crystallisation reactions is 
possible(66). 
1.3.4 The Role of Reagents in Zeolite Synthesis 
In a synthesis mixture each of the reagents may play one or several 
roles. The major functions of the reagents, and their importance, 
are discussed below. 
1.3.4.1 The Importance of the Silica and Alumina Sources 
The most important consideration in selecting suitable sources of 
silica and alumina is the reactivity of these materials. Barrer(67) 
discusses the synthesis of zeolite Na-X from a selection of silica 
reagents which were then classified as active or inactive. The 
active group included hydrated silicates (especially sodium 
metasilicate pentahydrate) while the inactive group, which produced 
zeolite Na-P, was mainly composed of solid and colloidal silicas. 
The formation of monomeric and oligomeric silica species in the 
reaction mixture, generally by dissolution, is a prerequisite for 
both nucleation and crystallisation of zeolites. Greenberg(68) 
describes the dependence of the rate of depolymerisation upon the 
silica source and its concentration. In stirred solutions of pH >11, 
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as are often used in zeolite synthesis, OH- concentration has little 
effect and the depolymerisation rate is a function of the surface 
area and the structure of the amorphous silica. The dissolution rate 
therefore increases with increasing surface area. Commonly used 
silica sources include fumed silica, sodium silicate (water glass) 
and tetraethyi silicate; while alumina is often added in the form of 
freshly prepared sodium aluminate solution. Alternative alumina 
sources include aluminium salts such as sulphate or nitrate and 
reactive aluminas such as boehmite. Metakaolin can provide a source 
of both Si02 and A1203 (43). 
1.3.4.2 The Role of Base 
Zeolite syntheses are carried out at high pH to facilitate the 
dissolution of both silica and alumina. The pH of reaction mixtures 
used to synthesise high silica zeolites is generally between 10 and 
12. In this range, dissolution of amorphous phases is enabled 
without simultaneously causing excessive dissolution of the 
crystalline zeolite structure or preventing its formation. 
Both inorganic and organic bases have been used in zeolite 
crystallisations. Two of the most frequently used bases are NaOH and 
KOH, which have the advantage of being both effective and cheap. 
These were among the earliest bases used in synthesis but more 
recently organic bases such as quaternary ammonium hydroxides(69'70) 
or amines(70) have been used. Piperazine is a good example of an 
amine used for its basic properties( 7172 ). 
1.3.4.3 The Role of Water 
Barrer(73) has reviewed the many important functions of water in 
zeolite crystallisation. Three of the roles which he discusses are 
particularly relevant to an overall understanding of synthesis 
processes. 
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The first of these is the action of water in the hydrolysis of 
silicate bonds, thus providing opportunities for these bonds to 
reform with new partners. This increases the probability of both 
nucleation and crystal growth. These processes are further assisted 
by a second function which water performs: because it is a good 
solvent for ions and polar species, both mixing and transport of 
nutrients to the growing crystals are improved. The third role is 
one which may be shared by salts and organic molecules present 
during synthesis. Occupation of the channels and cavities of the 
crystallising zeolite by these molecules increases the stability of 
the zeolite structure, reducing the likelihood of redissolution or 
of overrun to more compact and therefore more thermodynamically 
stable structures. In this role water is acting as a void filler. 
1.3.4.4 Void fillers and Structure-Directing or Template Species 
The stabilisation of zeolite structure via occupation of the void 
space by water molecules has been mentioned above. Barrer(73) has 
calculated the degree of stabilisation which such occupation confers 
on the zeolite structure. Water is only one of many guest molecules 
which can perform this function and species which act as void 
fillers include metal cations (eg Na+, K+)(70), organic cations 
(e.g. tetraalkylammonium species)(3 4 . 70 ' 74 . 75 ), organic molecules 
(e.g. amines)(3 4 . 75 ' 76 ), and even organic solvents(e.g. ethylene 
glycol)( 77 ). For a species to be a void filler only two criteria 
must be met; these are that the cations or molecules are able to 
fill the void space within the crystallising structure and that the 
hydrophilicity or hydrophobicity of the void filler and the zeolite 
framework are compatible. 
Some of the species which are void fillers also play a more active 
role in the synthesis of specific zeolite structures and are known 
as structure directing agents. The exact role of these molecules, 
and also their mode of action has been the subject of much 
discussion(3 4 ' 74 ' 78 ) and is still not fully understood. 
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Manifestations of structure directing ability include the situation 
where, under otherwise identical conditions, a change in the 
identity of the guest molecule results in a different structure; or 
the sensitivity of formation of a given product to small changes in 
the structure of the guest molecule. The degree of interaction 
between guest molecules and zeolite frameworks covers the entire - 
range from straightforward void fillers to very strong structure 
directing interactions. The ability of a species to direct to a 
particular structure can be gauged from the range of conditions over 
which successful synthesis is possible. Where the correlation 
between a structure directing agent and a particular zeolite 
structure is very strong the guest molecule is known as a template 
as, for example, in the use of the tetrapropylammonium (TPA) cation 
in the synthesis of ZSM-5(75). Both an electric dipole interaction 
- between the cation and the negatively charged framework and also - 
stereospecificity arising from the size and shape of the cation or 
molecule may be involved in templating action. This terminology can 
be slightly misleading as the interaction of a "template" and 
zeolite structure is not a lock and key relationship but is much 
more complex. In some cases, under suitable conditions a single 
template may direct to a range of zeolite structures(34 7 0) while 
the scenario where any one of several "template" molecules can 
stabilise the same zeolite structure is also known(3 475 ' 79 ). In 
contrast with this, some structures have been produced only in the 
presence of a specific structure directing species (e.g. zeolite 
EU-i has been synthesised only in the presence of hexamethonium 
bromide). 
The Na+ cation is a structure directing agent for both sodalite and 
zeolite A. Both structures contain sodalite cages and theNa+ cation 
has been found to favour the synthesis of small cages, such as those 
of cancrinite, gmelinite and sodalite(70). The ideal composition of 
sodalite is Na6(A16Si5O24) but the use of the tetramethylammonium 
(ThA) ion as the "templating" species has enabled the synthesis of 
much more siliceous sodalite(70) of composition (TMA)2[Al2Si1oO241. 
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As TMA cannot be used in the absence of Na+ to synthesise zeolite A, 
a straightforward structure directing role via the occupation of the 
sodalite cages by Na and TMA cations is not sufficient explanation. 
It should further be noted that Bibby and Dale(7 7 ) have successfully 
synthesised silica-sodalite from a reaction mixture in which 
ethylene glycol (ethanediol, CH20H.CH20H) was the solvent. Although 
Na+ was present in these reactions, only traces of this cation were 
occluded in the zeolite and the sodalite cages were occupied by 1 
molecule of ethylene glycol to give a precursor of formula 
Si12024C2H4(OH)2 (low-aluminium sodalite can also be synthesised by 
this method). It is clear that although sodalite and zeolite A 
contain a common structural element (the sodalite cage) there are 
significant differences in the requirements for the "template" 
molecule for the two zeolite frameworks. Sodium appears to be 
required for the synthesis of zeolite A while, according to the 
conditions used, sodium or TNA cations and even ethylene glycol 
molecules are occluded in and therefore stabilise the sodalite 
structure. 
The species occluded in a zeolite framework are often 
non-exchangeable, which shows that the framework has been built up 
around them. The TPA ions which stabilise the ZSM-5 framework during 
synthesis are an example of this. It has been established that these 
molecules are positioned in the channel intersections with the four 
organic limbs stretching out along the channels( 80 ). They can be 
removed from the zeolite framework only by oxidative degradation. 
The incorporation of TPA ions within the structure as it forms 
produces a material which has been variously named the nitrogenous 
zeolite(3 5 ), the zeolite precursor(4481' 82 ), or the 'as prepared' 
form of the zeolite(20). Daniels, Kerr and Rollman( 7478 ) 
synthesised large pore zeolites in the presence of quaternary 
ammonium polymers. These cannot be accommodated in cages and must 
therefore fit into the zeolite channels. Using such systems, the 
synthesis of a fault-free gmelinite was achieved(78). 
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Templates are often the most expensive reagents used in zeolite 
synthesis. Alternatives which are more economical are constantly 
being sought, particularly for zeolites which are used industrially. 
As will be discussed in Section 1.4, although TPA is the most 
effective template for ZSM-5 this is an expensive material and the 
potential of many other species as templates has been investigated. 
Another method by which costs may be reduced, and which can 
eliminate the need for template molecules, is the addition of seed 
crystals to a reaction mixture. Under suitable conditions, the 
presence of crystals of the desired structure can then lead to 
further crystallisation of this material. Seeding may also be used 
as a method of reducing crystallisation time(83). 
1.3.5 Treatment of the Reaction Mixture 
The way in which a reaction mixture is made up and its subsequent 
treatment prior to synthesis can also have a profound effect on the 
course of the reaction. Some of the effects which may be observed 
are discussed below. 
1.3.5.1 Mixing of Reagents 
In zeolite synthesis both the form of the reagents and also the 
order in which these are mixed( 84 ) and degree of mixing(70) are very 
important. The effects of mixing on the products of a synthesis 
range from differences in size and/or morphology to the synthesis of 
a different product, whether another crystalline material or an 
amorphous phase. Barrer( 70 ) refers to an investigation in which a 
faujasite reaction mixture was prepared by mixing together a 
solution of waterglass plus active silicate and a solution of sodium 
aluminate. A solution of aluminium sulphate was then added to this 
mixture. When stirred vigorously to give a homogeneous mixture a 
highly crystalline faujasite product resulted but without 
homogenisation the product was partially amorphous and contained 
small amounts of several zeolites including faujasite, a chabazite 
PAGE 16 
type, Na-P and analcime. 
Where a dry silica source, such as fumed silica is used, the 
standard method involves the preparation of a solution of the other 
reagents which is then added to the dry silica and stirred until a 
smooth gel is produced. 
1.3.5.2 Gel Pretreatment 
In many zeciite crystallisations there is no intermediate step 
between preparation of the reaction mixture and hydrothermal 
treatment to crystallise the product. In some instances, however it 
has proved to be advantageous to include an aging step at either 
room temperature or elevated temperature(85. 70 ). In the synthesis of 
zeolite Y it has been shown(85) that the introduction of a period of 
aging at room temperature prior to crystallisation is beneficial, 
reducing the likelihood that unwanted phases such as zeolite P and 
gmelinite will also be produced. It is beiieved(66) that the aging 
period allows for predigestion, enabling "equilibration" between the 
heterogeneous gel and solution phases occurs and that this may be 
important in the initial nucleation step. 
1.3.5.3. Synthesis Conditions 
The major factors to be considered here are the temperature at which 
the reaction is carried out and also whether the reaction is to be 
carried out in a static system or in one which is agitated. 
Alteration of the temperature used, even within the range 90-1800C, 
may produce effects ranging from crystal size or morphology 
differences to the formation of different products or the prevention 
of crystallisation( 87 ). A similar range of effects may be seen, 
related to the use of a stirred or static system. In stirred systems 
the rates of both nucleation and crystal growth are increased due to 
the improved provision of reagents. In static systems, synthesis is 
generally slower. Where both regimes give the same product, the 
PAGE 17 
crystals from stirred systems are generally smaller and form more 
rapidly. In some cases it may be possible to synthesise a particular 
zeolite only in one type of system. Barrer(70) describes a study of 
Na-X synthesis carried out by Freund. This showed that as the 
stirring rate was increased from 0 to 350 rpm the rate of 
crystallisation increased but the yield of Na-X decreased. Stirring 
promotes collision nucleation which appeared to assist in the 
competitive formation of Na-P. It is also reported that stirring is 
not disadvantageous in the synthesis of zeolite A. 
1.3.6 The Effect of Composition(74'86) 
The composition of the reaction mixtures used in zeolite synthesis 
are generally described in terms of the mole ratios of the 
components. The influence of some of these ratios on the course of 
the reaction and the final product are summarised in Table 1.3. It 
should be noted that free base is calculated by subtraction of the 
equivalents of acid added to the reaction mixture from those of 
hydroxide e.g. A1203 is incorporated into the structure as A102- and 
each mole of alumina acts as 2 equivalents of acid while organics 
such as amines are not included in calculation of free base. 
The main influence of the silica/alumina ratio is on the framework 
composition, and may define the structural competitors in a 
nucleation-controlled experiment. Generally all of the alumina 
present is incorporated into the product while silicate is left in 
solution at levels which depend upon the alkalinity and reaction 
conditions. The values of H20/Si02 and OH-/Si02 are interrelated. 
These ratios define both the molecular weight distribution of the 
silicate species in solution and the rate of their interconversion 
by hydrolysis to a 3-dimensional zeolite network. As the alkalinity 
increases the proportion of silicate in solution increases and 
products are increasingly aluminous. At higher alkalinity the 
products transform to more dense and more thermodynamically stable 
structures (either by redistribution of low molecular weight species 
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or by recrystallisation) e.g zeolite A converts to zeolite P in 
dilute NaOH and to sodalite in more concentrated solution. Cations 
are often dominant in determination of the structure formed. The 
incorporation and presence of cations can be an important 
consideration in subsequent use and handling of the zeolite product. 
1.4 Synthesis of ZSM-5 and Silicalite-1 
1.4.1 Synthesis of ZSM-5 
ZSM-5 was first synthesised from reaction mixtures containing TPA20 
- Na20 - A1203 - Si02 - H20( 4 2. 86 ). Using such reaction mixtures, 
the IIFI framework can be synthesised over a wide range of Si/Al 
ratios from a minimum Si/Al of around 10 to the "pure silica" 
analogue. This range may be further restricted according to the . 
template and synthesis conditions used, as discussed below. It has 
been shown that in ZSM-5 systems the rate of crystallisation 
increases as the ratio of silicon to aluminium is increased(89) and 
that the aluminium content of the product increases proportionally 
with that of the reaction mixture. 
Investigations into other systems from which ZSM-5 synthesis is 
possible have been carried out both to elucidate the roles of the 
reagents and also to find ways to reduce the cost of synthesis. 
TPAOH is a very expensive chemical, so any cheaper alternatives 
would be attractive, especially for commercial production. 
Many different templates or void fillers have now been used in place 
of TPA in the synthesis of ZSM_5(8 , 3 9 . 90,91 ). As well as both the 
hydroxides and salts of quaternary ammonium compounds ZSM-5 has now 
been synthesised using amines, diamines and alcohols. Even 
'organic-free' synthesis has proved to be possible(92). In Table 1.4 
some of the reaction mixtures which have been successfully used in 
the synthesis of ZSM-5, and the range of conditions over which these 
have been used, are summarised. Although many reaction compositions 
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which enable the synthesis of ZSM-5 have now been identified these 
are not all equally useful or effective. Large variations in the 
ease of formation of the product and in the range of conditions 
over which synthesis is successful can be seen. The TPA ion is very 
clearly the most effective template to direct to the NFl structure 
and also the most widely used while, at the opposite extreme, 
organic-free systems enable ZSM-5 synthesis only over a very narrow 
range of compositions and conditions. 
In 1979 Erdem and Sand (91) reported that without the presence of 
alkali metal cations even TPA would not produce a crystalline phase. 
Synthesis of ZSM-5 from TPABr - piperazine - Si02 - A1203 - H20 
systems(22) has now shown that this is not the case and that in 
sufficiently basic systems the TPA cation alone will lead to the 
production of the NFl structure (69) • 
1.4.2 Synthesis of Silicalite-1 
The first synthesis of silicalite-1 was reported by Flanigen and 
co-workers in 1978(93), although claims were subsequently made that 
this was not a new material but simply the end member of the ZSM-5 
series(349 4 ). Early crystallisations were from systems templated by 
TPABr and containing NaOH as base. Although many void fillers or 
structure directing agents can be used in ZSM-5 synthesis, until 
very recently the synthesis of silicalite-1 was possible only in the 
presence of TPAIBr. Alternatives are again listed in Table 1.4 and 
are discussed below. 
Many investigations into the synthesis of silicalite-1 have been 
carried out. These include the use of TPAOH not only as template, 
but also as base (5l' 9369 ' 95 ' 96 ). Although this was successful in 
the crystallisation of silicalite-1 the dual role of the TPAOH 
reduces the flexibility of the system. Since the quantity of TPA 
required to template the structure is much less than the amount of 
base required to give a rapid reaction this is also an expensive 
PAGE 20 
method. The crystallisation of silicalite-1 from a system in which 
piperazine is used as the base has also been published( 71 ). The 
advantage of this over the NaOH + TPABr combination is that, unlike 
the strong base, piperazine provides good buffering and pH control 
throughout the reaction. In theory the bulk of the silicalite 
framework, with the exception of the silanol groups at the crystal 
surfaces, is neutral and few balancing cations are therefore 
required, but often broken bonds (structural defects) produce a 
small number of internal silanol groups with an associated charge. 
In systems where Na+ cations are absent a reduction in the number of 
such sites may result and it should also be noted that when the 
balancing cations are organic, the result of oxidative degradation 
is direct production of the H-form of the zeolite as well as 
structural healing. 
The synthesis of silicalite-1 has now been achieved in systems which 
do not include TPABr. Other compounds which have been used 
successfully to crystallise this material include 
hexane-1,6-diamine( 81 ,97), diethylamine( 98 ), and other quaternary 
ammonium cations(87). 
It has been shown(82) that, with other factors kept constant, 
variation of alkalinity affects reaction kinetics and also the 
yield, size, morphology and chemical composition of the crystals 
produced. The concentration of metal ions should also be minimised 
as excess ions may be incorporated into ZSM-5 type structures, 
reducing the hydrophobicity of the product. 
1.5 Synthesis in Non-aqueous Solvents 
Zeolites are most commonly synthesised in hydrothermal systems. 
There is, however no reason to assume that this is the only 
situation in which crystallisation of such molecular sieves is 
possible and there may indeed be advantages associated with the use 
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of systems of a different nature. The use of an organic, rather than 
an aqueous, solvent will result in different solution species 
through changes in solvation and complexation. In environments of 
such a novel nature it is therefore highly probable that conditions 
exist such that the synthesis of new materials will be possible. As 
used here, the term "non-aqueous" includes mixtures of an organic 
solvent plus water. 
Results concerning the synthesis of zeolites in organic solvents 
were first -reported by Bibby and Dale( 77 ). In systems in which the 
solvent was ethylene glycol or propanol they were able to synthesise 
sodalite in a silica-rich form or in a novel, pure silica form. The 
latter reaction was carried out from a mixture of composition: 
2 SiO2 . 3 NaOH . 40 Z 
where Si02 = fumed silica and Z = organic solvent (e.g. ethylene 
glycol, propanol). 
Under these conditions silica-sodalite is formed after 15-25 days at 
1500C while the nucleation and crystallisation' times for 
aluminosilicate sodalites are substantially less than this. As has 
been discussed in Section 1.3.4, analysis of the weight loss and 
evolved products showed that one molecule of ethylene glycol was 
present in each sodalite cage. It should be noted that not all of 
the organic carbon could be removed even after extended periods at 
1000°C in air. As silica complexes with many organic molecules(62) 
it was postulated that there may be many solvents suitable for use 
in non-aqueous synthesis. 
In a second publication concerning the use of non-aqueous solvents 
in zeolité synthesis(99) van Erp, Kouwenhoven and Nanne report 
results obtained for a wider variety of solvents. Solvents were 
selected on the basis of boiling point (preferred range 100 - 200°C) 
and relative dielectric constant (10-45). Reactions were carried out 
at 100-200°C under ambient pressure in glass vessels equipped with a 
cooler. Water and any other low-boiling components were therefore 
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largely removed by evaporation. The reaction mixture on which these 
investigations were based was: 
x MeO . 1 A1203 . y S102 . z solvent 
where x = 1-20, y = 1-100, z = 5-350 and x/y = 0.1-10. With ethylene 
glycol as solvent, in Na and Ba-containing reactions the only 
crystalline phase which was seen was hydroxysodalite. Thermal 
analysis again indicated the presence of glycol in the sodalite 
cages. The products of reactions with K, Li, Ca and Zn were all 
amorphous. These results are in agreement with those reported by 
Bibby and Dale(7 7 ). 
In sulfolane (tetrahydrothiophene-1,1-dioxide, C4H8S02) a wider 
variety of crystalline structures was seen, their identity being 
dependent mainly upon the cation present. The crystalline phases 
- formed with Na, K and Ba are listed below. 	 - 
Na 	hydroxysodal ite 
K kaliophilite 
Ba 	BaT 
Crystalline products were not formed with other cations or organic 
bases. No occlusion of solvent was seen in the hydroxysodalite as 
sulfolane will not fit into the sodalite cage. 
Other solvents which were investigated showed either the behaviour 
described for ethylene glycol (glycerol, ethanol), that described 
for sulfolane (DMSO (dimethyl sulphoxide), C67 C7 linear alcohols) 
or gave merely amorphous products (methanol, aniline and pyridine). - 
These results are summarised in Table 1.5. Neither the use of 
organic silicon and aluminium compounds nor at least partial 	- 
replacement of Na by an organic base in sulfolane resulted in the 
formation of additional crystalline structures. Van Erp and 
Kouwenhoven(99) concluded that for solvents other than glycol- a 
ratio of at least 0.5 for inorganic base/silica was required for 
crystallisation within 7 days; that the cation has an influence on 
the crystal structure formed (as in sulfolane); that the solvent 
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also has a structure directing effect (as for glycol); and that the 
addition of organic templates, which are extremely effective in 
aqueous syntheses, has no effect when organic solvents are used. 
Casci(100) has also reported a small amount of work carried out 
using non-aqueous solvents. The reaction mixture used was: 
5.15 Na20 . A1203 . 1 SiO . (242-x) H20 . x (CH20H)2 
As the mole fraction of ethylene glycol was increased to above 0.47 
it became increasingly difficult to dissolve the silicate and 
aluminate species and at reaction temperatures of 105 -.1500C the 
only product formed from reaction mixtures containing high 
proportions of ethylene glycol was hydroxysodalite, which is again 
consistent with the results reported above. 
The use of mixed solvents comprising water and an organic compound 
has also been reported recently(101). These reactions were carried 
out at 1700C in stainless steel autoclaves, and stirred at 300 rpm. 
The organic components used were methanol, ethylene glycol, 
monoethanolamine (MEA) and n-propylamine. Product structure was 
found to vary with both the identity and the concentration of the 
organic component. For solvent/1120 ratios of below 0.05, and for all 
concentrations of n-propylamine, the product was ZSM-5. Higher 
concentrations of methanol gave ISI-1 (Nu-10), while higher 
concentrations of either ethylene glycol or MEA resulted in the 
formation of ISI-4 (ZSM-23). The degree to which the organic 
compound was incorporated in the intermediate solid phase was found 
to be related to the functional group of the organic solvent with 
much greater incorporation of n-PrNH2, methanolainine (NH2 group) and 
TPA than was seen for either methanol or ethylene glycol (OH group). 
Measurement of the relative incorporation of Na and the organic 
species into the zeolite enabled comparison of the degree to which 
the organic species functioned as templates or void fillers or 
whether their role was merely that of solvent. Methanol and ethylene 
glycol were not incorporated into the products to a significant 
degree and their role was concluded to be primarily that of solvent 
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in these reactions. Monoethanolainine was concluded to have a role in 
balancing the negative charge of the aluminosilicate gel and TPA and 
n-propylamine were seen to be incorporated during the 
crystallisation of ZSM-5. The solubilities of reaction components in 
mixed solvents were noted to be much lower than those in water alone 
and it was concluded that the structure and degree of polymerisation 
of the silicate species accounted for the dependence of the 
structures formed on the organic compound and its ratio with water. 
Table 1.6 shows the structures of the products obtained with a 
variety of cations in reactions in which the organic solvent was 
either monoethanolamine or ethanol. The difference in the products 
from the two solvents was attributed to the formation of a 
monoethanolamine-cation complex which had a templating role while 
methanol did not form complexes and its role was only that of 
solvent. 
It can be concluded that very fundamental differences exist between 
the synthesis of zeolites in aqueous and organic systems. As 
expected, the nature of the species present and therefore the roles 
of reagents alter significantly when organic solvents are used; 
notably organic templates were ineffective under the conditions 
used. In such novel systems it is perhaps not altogether surprising 
that to date only a small number of structures have been 
synthesised. The aspects which can be optimised for zeolite 
synthesis may be very different from those in aqueous systems and 
remain to be established. Further investigations may therefore give 
access to an area of zeolite synthesis as yet virtually untapped. 
1.6 Applications of Zeolites 
Of all the known zeolite structures only around 11 are used 
commercially(43). The three main uses for these materials are ion 
exchange, catalysis and sorption. Table 1.7 summarises the major 
industrial processes in which zeolites are used and the structures 
which are involved. 
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1.6.1 Ion Exchange 
The basic process involved in ion exchange is the replacement of one 
type of charge balancing cation by another. In addition to the 
direct application of zeolites as ion exchangers the main reasons 
for carrying out this procedure include modification of the window 
size or the requirement for a particular ionic form, e.g. the acidic 
H+ form for catalytic use. 
The thermodynamic equilibrium involved in ion exchange can be 
represented by the equation: 
ZB A zA+ + ZA B 2B+(aq) = ZB A zA+(aq) + zA B zB+ 
Since an equilibrium is involved, even with a large excess of the 
exchanging cation present, effectively complete exchange will rarely 
occur in a single step and a series of exchanges will be needed. 
When the exchanging ions are large, the restriction on available 
space within the structure and, particularly, the requirement to 
pass through windows in the zeolite structure to reach sites in the 
interior of the crystals, may also preclude complete exchange. 
Zeolites are often crystallised in the form in which sodium is the 
balancing cation. For catalysis, the hydrogen form of the zeolite is 
required and can be obtained by two methods. The first of these is 
direct exchange using a dilute solution of hydrochloric acid. As 
structural aluminium sites are vulnerable to acid attack, resulting 
in leaching of Al from the framework, this method is suitable only 
for zeolites in which the aluminium content is low. The alternative 
method, used for zeolites with higher Al contents involves ammonium 
exchange followed by a calcination step to give the H+ form. 
Laboratory scale ion exchange is carried out by repeatedly 
contacting the zeolite with a salt solution of the desired cation 
for a time which can vary between 20 - 30 minutes and several days, 
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according to the identity of both the zeolite and the cations. Other 
factors which can affect the rate and efficiency of ion exchange 
include temperature, the concentration of the salt solution of the 
exchanging cation, the ratio of zeolite/solution and the level of 
exchange. Conversion of Na-ZSM-5 to the acidic form is typically 
carried out by repeatedly contacting the zeolite with a 0.1 molar 
solution of HC1 until analysis of the solution shows that no Na is 
present. Complete exchange can, however, be confirmed only by direct 
analysis of the solid phase. 
In other applications the ion-exchange properties of zeolites are 
used directly. The use of zeolites Na-A and Na-X in detergents to 
remove Ca2+ and Mg2+ ions from solution(10 2 ) is a major application. 
These zeolites are also used in the removal of 137Cs and 
90Sr(13.103) from radioactive waste. Zeolites can also be used to 
remove the NH4 ion from freshwater( 13 ' 103 ) and in agriculture as 
slow release agents of NH4 and K(13,103). 
1.6.2 Sorption(21) 
The sorption properties of zeolites enable both separation and 
purification processes to be performed. Their selectivity is due to 
differences in adsorption equilibria, adsorption rates or, for 
larger molecules, size exclusion. The materials sorbed into a 
particular structure will be influenced mainly by the channel 
dimensions and also by the Si/Al ratio. In sorption, the identity of 
the balancing cation present in a structure can be a controlling 
factor. Substitution of different cations into zeolite A gives the 
forms known as 5A, 4A and 3A, as shown in Table 1.8. Each of these 
materials is suited to a range of different applications. Medium and 
large pore structures such as ZSM-5 and zeolites X and Y are also 
used as sorbents. 
Sorption is possible from both gas and liquid phases. Applications 
involving gas phase sorption include the use of zeolites as drying 
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agents (e.g. in sealed double glazing units), separation of gases 
(e.g. the use of 5A, 13X or 4A in air separation), and heat storage. 
In the aqueous phase, uses for zeolites include the separation of 
glucose and fructose (Ca-X, Ca-Y, Ba-Y) and also the sorption of 
alcohols by high silica zeolites, enabling the removal of ethanol 
and butanol from fermentation broths. They can also be used in the 
concentration of valuable biochemical materials. For this 
application - wide pore materials are required. Good results have 
already been obtained for model experiments using phenol and 
cresols( 22 ) 
1.6.3 Catalysis 
The major applications of zeolite catalysts are in oil refining and 
the petrochemicals industry. Only a small number of the known 
zeolite structures are used as catalysts, the major application 
being the use of zeolite Y in cracking and hydrocracking processes. 
ZSM-5 is also widely used, particularly in reactions in which a high 
degree of shape selectivity is required. Zeolite catalysis is 
discussed in greater detail in Section 1.7. 
1.7 Zeolite Catalysis 
1.7.1 Activity of Zeolite Catalysts 
Catalysts are typically prepared to give the maximum possible 
surface area for reaction. The crystalline structure of zeolites 
provides a very large surface, most of which is within the zeolite 
channels and it is this feature which enables a highly shape 
selective mode of action. Active sites on the crystal surface do not 
show the shape selectivity characteristic of those within the 
zeolite channels and therefore the crystal size (or more 
specifically the ratio of external/internal active sites) is 
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important in determining the catalyst selectivity. 
The active sites in zeolite catalysts arise from the presence of 
structural Al. In the hydrogen form of the zeolite each Al gives 
rise to an acid site, the overall acidity of the catalyst depending 
upon both the number and the strength of these sites. Generally 
acidity increases with increasing Al content, but at high aluminium 
concentrations interference between sites may lead to a decrease in 
the strength of each acid site, thus reducing the overall zeolite 
acidity. Maximum acidity is often found for Si/Al in the range 
5-20(11). 
A good industrial catalyst must be highly active, selective and also 
have a long lifetime(11). In zeolites the accessibility of the 
network of channels provides good activity, while the window size of 
the pores controls selectivity to a high degree. Zeolite catalysts 
are defined by a constraint index which gives a measure of the 
restriction to molecules provided by the window size and also, to 
some extent, a measure of the acid sites(104). The constraint index 
is determined by passing a mixture of equal weights of n-hexane and 
3-methylpentane over the catalyst at one liquid hourly space 
velocity (LHSV) ie. 1 volume of liquid hydrocarbon per volume of 
catalyst per hour. The hydrocarbon feed is diluted with helium to 
give a ratio helium : total hydrocarbon of 4:1. After 20 minutes on 
stream a sample is taken for analysis. The constraint index 
approximates the ratio of the cracking rate constants for the two 
hydrocarbons: 
Constraint Index = logip(fraction n-hexane remaining) 
logio(fraction 3-methylpentane remaining) 
Csisery has identified three separate types of selectivity in 
zeolite catalysis(11) as detailed below and shown in Figure 1.4. 
1. Reactant selectivity : Molecules which are excluded from the 
channels due to their dimensions will not have access to the 
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reactive sites. 
Product selectivity : Of the species formed at the active sites, 
only those which are able to diffuse out through the pore system are 
seen as products. If bulkier molecules are formed these will either 
be reconverted to smaller molecules or will block the pores, leading 
to catalyst deactivation. 
Restricted transition state selectivity : The confines of the 
channel system mean that the only reactions which can take place are 
those for which the transition state can be accommodated. 
It should be noted that in the cases of reactant or product 
selectivity, these effects may not be totally exclusive but favour 
the products of certain reactions over others to a greater or lesser 
extent. 
The life of a catalyst is defined as the length of time for which 
its essential activity and selectivity are maintained(li). Decay of 
zeolite catalysts has three main causes. The most important of these 
is coking. This is a process by which involatile carbonaceous 
deposits are left within the channels during organic reactions, 
blocking access to the acid sites. The degree of coking is strongly 
influenced by the available space within a structure(li . 12, 105); 
thus a greater level of coking is seen for 12 T-atom ring structures 
than for 10 T-atom ring structures. The degree to which coking 
affects catalyst performance is also dependent upon the 
dimensionality of the zeolite, as blockage of access to the active 
sites (and therefore loss of catalytic activity) in unidimensional 
structures occurs more rapidly than in either 2- or 3-dimensional 
structures. Low coke formation is one of the attributes of ZSM-5 
catalysts(106). Catalyst decay can also be caused by structure 
collapse or poisoning. Structure collapse is most likely to be seen 
at high temperatures and particularly in steam atmospheres. 
Stability to this type of decay is lowest for structures containing 
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a high proportion of aluminium. Catalyst poisoning is generally 
caused by impurities, an example being the deactivation of cracking 
catalysts by nitrogenous bases or by metals such as nickel and 
vanadium(1 07 ). 
1.7.2 Catalysis by ZSM-5 
The sizes of the ZSM-5 channels preclude this material from use as a 
cracking catalyst. In reactions of smaller molecules however, this 
same feature gives ZSM-5 a very high selectivity. The main 
applications of ZSM-5 catalysts include the conversion of methanol 
to gasoline (MTG) and the isomerisation, alkylation and 
transalkylation of alkylaromatics. Figure 1.5 shows some of the 
reactions of C8 aromatics for which ZSM-5 is used(loô) .In these 
reactions the catalyst enables alteration of the distribution of 
xylene isomers, maximising the production of para-xylene. This is 
the most valuable of the xylene isomers as it is used in the 
production of terephthalic acid, a major component of polyester 
fibres(108). A standard naphtha ref ormate contains only around 20% 
para-xylene along with another 20% each of ortho-xylene and ethyl 
benzene and 40% meta-xylene. This ratio of xylenes corresponds to 
the equilibrium distribution as shown in Table 1.9. ZSM-5 disturbs 
this equilibrium in favour of para-xylene because this isomer has 
the smallest minimum dimensions and its diffusion is around 1000 
times faster than for the ortho or. meta isomers(108). A second role 
which the catalyst performs is the prevention, via restricted 
transition state selectivity, of further reaction of the products. 
This explains the lower susceptibility of ZSM-5 to coking than is 
seen for larger pore catalysts. 
The selectivity of ZSM-5 can be increased by modifying the hydrogen 
form of the zeolite with phosphorus, boron or magnesiuin(109). 
Selectivity is also influenced by factors such as diffusional 
effects, the reaction temperature, the nature of the feed, the 
degree of conversion, the composition of the catalyst, the crystal 
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dimensions and also the strength and concentration of the acid 
sites (110) 
1.7.3 Standard Procedures in Catalyst Production 
In the production of zeolite catalysts two steps are generally 
involved; firstly synthesis of the required zeolite (as small 
crystals, often around 1 pm in size) and secondly the mixing of the 
zeolite powder with a binder and formation of this mixture into 
particles of the desired size and shape (e.g. extrudates, tablets or 
microspheres). Direct use of the crystalline zeolite powder would 
result in problems such as excessive pressure drop across the 
catalyst bed and channelling of the catalyst (which reduces the 
contact between catalyst and reagents and therefore results in 
decreased activity). The use of a binder allows particles to be 
formed in the desired shape and size for a particular use. Although 
this 2-step method of production is expensive, it has the advantage 
of flexibility, allowing tailoring of the catalyst in terms of 
activity, particle size and other physical characteristics for 
specific uses. Careful selection of binder and treatment conditions 
can give products of substantially improved characteristics. One of 
the major beneficial effects of binder addition is to increase the 
strength of the catalyst particles. Materials commonly used as the 
matrix or binder include clays (e.g. kaolinite) and other silicas 
and aluminas. The catalyst activity can be altered simply by using 
different proportions of binder and zeolite. A typical fluid 
catalytic cracking (FCC) catalyst contains 10-40% by weight of 
zeolite Y dispersed in an amorphous matrix(iO). The binder may 
further be chosen to influence other physical characteristics of the 
catalyst particles, such as density, pore size and volume, and also 
pore distribution(lll). Binders are generally non active although 
there are occasions where they may act as copromoters(43). One 
example where improvement of catalyst activity has resulted is the 
use of A1203 with ZSM-5 catalysts(112). Zeolites may themselves be 
used as activity enhancing catalyst supports( 107 ). 
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Tailoring of the processes carried out during binder addition can 
enable optimisation of properties such as the activity, physical 
strength, flow rate, and resistance to thermal and chemical 
deactivation of the final product. The major drawback to catalyst 
production via zeolite crystallisation followed by a bonding step is 
the expense involved and many adaptations and alternatives to this 
method have been investigated. These often relate to specific 
zeolite structures or are restricted to a narrow range of conditions 
but for specific applications may be highly advantageous in terms of 
cost or product quality (often strength). A selection of such 
methods are described in Section 1.7.4. 
1.7.4 Novel Methods of Catalyst Preparation 
Some of the many variations on the standard method of catalyst 
production and substantially different methods which have been 
patented are discussed below. Breck(113) has published a summary of 
the methods in the patent literature prior to 1974. Some of these 
methods and also a selection which have been published more recently 
are described here. The objective of these procedures was generally 
to enable more economical catalyst production and/or to produce a 
catalyst which had very specific properties or which was in a form 
particularly suitable for the intended use. One of the main areas 
concerned is the crystallisation of preformed particles. An 
advantage of such procedures is that treatment (often thermal) to 
improve desired physical properties such as the hardness and 
attrition—resistance of the particles can be carried out prior to 
crystallisation, eliminating the risk of damage to the zeolite 
during such treatment. As the relative proportions of binder and 
crystals cannot be modified subsequent to crystallisation, the 
degree of control over characteristics such as activity is 
reduced(107) relative to the standard production method described in 
Section 1.7.3. 
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1.7.4.1 Use of Preformed Particles 
Breck describes several patented procedures in which preformed 
particles are used. Kaolin clay in one or more forms; raw 
(hydrated), calcined (at 9250C) or as metakaolin (calcined at 
5500C); is often a component of these particles(113) and may be 
present as a reagent or, in the case of crystalline kaolin clay, as 
an unreactive matrix material in which the zeolite can be 
crystallised. A selection of procedures involving the conversion of 
preformed particles to zeolite catalysts are reported in greater 
detail below: 
(a) Patel and Sand (84) report the pseudomorphic crystallisation of 
zeolites A, B, Na-P and HS from sodium aluminate or activated 
alumina particles. The size of these particles is 100 -1000 pm. 
Products consist of small, intergrown crystals ( of sizes in the 
range 0.1-6 pm according to the reaction conditions) and are up to 
100% crystalline. The synthesis of zeolite A was from a reaction 
mixture of composition: 
1.6 Na20 . 1 A1203 . 1.4 Si02 . 96 H20 
A solution of sodium hydroxide and sodium silicate was made up to 
which the sized sodium aluminate or alumina particles were then 
added. Because the concentration gradient between the particles and 
the alkaline silicate solution is high it is proposed that gel 
formation begins at the surface of the particles and proceeds to the 
centre, forming an intermediate gel particle pseudomorphic after the 
original particle. Analysis of the degree of particle gelation 
showed that the rate of gel formation at room temperature varies 
according to the system: 10% per hour for zeolite A but 10% per 
minute for zeolite B. The pseudomorphic gel particles were then 
exposed to the temperature required for crystallisation. Large 
numbers of nuclei are believed to form simultaneously and the growth 
of these to small, intergrown crystals forms aggregates of the size 
and shape of the original gel particles. The degree of crystal 
intergrowth gives strength to the final particles. During the 
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crystallisation of some zeolite A products (those which formed as 
weak particles or a polycrystalline powder rather than the desired 
pseudomorphs) an interesting effect was seen when after around 1 
hour at 100°C the gel particles degraded and holes developed on the 
surface, leading to an unusual tubular configuration. This effect 
was believed to be caused by venting of the fluid in the gel 
particles when exposed to the reaction temperature and did not occur 
if the solution viscosity was high enough to contain the vapours and 
the particles were sufficiently strong. Within this paper, brief 
reference is made to a previous study in which the synthesis of 
faujasite in a similar form was also shown to be possible. It had 
been noted that salt addition was beneficial in the synthesis of 
pseudomorphic faujasite but for zeolite A (and also for zeolites B 
and HS) the addition of sodium salts (NaF, Nal, NaC1 and NaBr at 2 
moles salt per mole A1203 ) inhibited the crystallisation rate. When 
the strength of the pseudomorphs was tested with respect to that of 
a commercial zeolite A extrudate after a solution life test the flat 
plate crushing strength of the pseudomorphs showed a reduction of 
0.5% while a reduction of 13% was seen for the extrudate. 
(b) Dwyer and Schwartz(114) patented a procedure by which a product 
of at least 40% crystallinity could be synthesised from preformed 
particles containing sources of both silica and alumina. The 
particles contained all required reagents and crystallisation was 
carried out in a steam chest. Examples given were for zeolites ZSM-4 
and ZSM-5 although, according to the conditions used, some products 
also contained zeolites A, P and S. At least 70% (and preferably 
>80%) of the alumina was provided by an aluminium clay while the 
silica source was either a clay or a combination of clay + non-clay 
(fumed silica, colloidal silica, silica gel etc.). Raw, thermally 
treated and hydrothermally treated clays could all be used. Cations 
were also added to the reaction mixture (as hydroxides or halides), 
according to the desired product. The final component of the 
reaction mixture was water, the proportion used varying according to 
the physical form of the desired particles. Extrudates, granules and 
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spheroids all required a mixture containing <50% water by weight 
while for spray-drying a greater proportion of water was required to 
give a slurry sufficiently fluid to be pumped through the nozzle. It 
was reported that during crystallisation the particles retained 
their shape and acquired substantial strength. One of the given 
examples was that of ZSM-5 extrudates which were of 55% 
crystallinity and had a crush strength of 56 lb/inch. 
- (c) Haden Jr and Dzierzanowski(11 5 ) describe a second process in 
which preformed particles are crystallised. An alkali metal oxide, 
aluminium oxide, silica and water are intimately mixed with raw 
kaolin clay (A1203.2SiO2.2H20) to form particles of the desired size 
and shape and the zeolite crystallised in situ. Examples are given 
in which this process is used to synthesise catalysts containing 
zeolites A, X and Y (with NaOH) or zeolite L (with a mixture of KOH 
and NaOH). The cost of catalyst production is reduced both by the 
integration of the crystallisation and bonding steps and by the use 
of relatively inexpensive mineral components. It was also claimed 
that the hardness and attrition-resistance of these products was 
better than those formed by precipitation of the zeolite followed by 
binding with water and raw plastic clay. As the raw kaolin clay is 
not largely involved in the reaction, the products contain a mixture 
of zeolite, crystalline kaolin and amorphous material. The bonds 
between the constituents are strengthened by heat treatment before 
or during use, thus increasing the strength of the catalyst 
particles. It should be noted, however, that the crystallinity of 
the clay is destroyed by heat treatment and that the zeolite 
crystallinity may also be reduced. The presence of clay in the 
products increases stability, particularly to steam. The preferred 
form of this reaction involves crystallisation from a mixture 
containing NaOH and three clays: metakaolin, calcined kaolin and 
uncalcined kaolin. 
(d) Rouet and co-workers(116) patented a procedure for the synthesis 
of extrudates of 100% zeolite which was reported to be suitable for 
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zeolites Y, omega, offretite, erionite, L and ferrierite. The 
starting materials could be either crystalline or amorphous and the 
examples given include the use of materials such as colloidal 
silica, extrudates of amorphous silica or alumina, extrudates of 
kaolinite or zeolites A, X, Y or mordenite and extrudates, pellets 
or balls of synthestic silica/alumina. Colloidal silica, sodium 
hydroxide and water were also present as reagents in all reactions, 
with other components such as organics where required. The 
crystallisation temperature and time were dependent upon the desired 
zeolite structure. These products were claimed to have improved 
mechanical strength compared with products containing added binder. 
No compromise between purity and mechanical strength, as can be the 
case with binder-containing catalysts, was required. 
Both the crush strength and the attrition of these products was 
better than those of catalysts produced by conventional methods. In 
applications where very small zeolite crystals (0.1-0.3 pm) are 
advantageous the separation of crystals from their mother liquor is 
normally difficult and time consuming but if crystallised in situ 
then these problems are removed. Examples are given of the use of 
catalysts prepared by this method in hydrocracking (zeolite Y, 
omega), methanol conversion (offretite) and aromatisation (zeolite 
L) 
(e) Haden Jr and Dzierzanowski(117 , 118) describe the production of 
zeolite fluid cracking catalysts from preformed microspheres 
(100-325 mesh (Tyler)) of calcined kaolin clay which were obtained 
by calcining a spray dried slurry of hydrated (or a mixture of 
hydrated + calcined) kaolin clay at elevated temperature. This gives 
calcined kaolin, as required for faujasite crystallisation(118), and 
the high temperature heat treatment also confers attrition 
resistance. The calcined microspheres were then suspended in aqueous 
sodium hydroxide solution along with powdered metakaolin. The 
suspension was aged for 12-24 hours at 100°F and then heated to 
150-200°F, with at least intermittent agitation, to crystallise 
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faujasite in the microspheres. At 1800F the crystallisation time was 
normally in the range 4-48 hours. The crystalline microspherical 
product was of essentially the same size and form as the 
microspherical reactant. The inclusion of metakaolin resulted in an 
improvement to the attrition-resistance of the product and addition 
of the metakaolin as a powder is simpler than combination of the 
calcined kaolin and metakaolin within the microspheres. After 
crystallisation the product should contain >15% (preferably >20%) 
faujasite and the microspheres are thus a composite of crystalline 
molecular sieve and amorphous silica/alumina. Comparison of a 
product of this type with commercially available fluid cracking 
catalysts showed that it had outstanding attrition resistance. It 
also had outstanding selectivity towards gasoline, low coking 
properties and excellent stability towards high temperature steam. A 
typical example of product composition is 16.7% by weight zeolite Y 
with a silica/alumina ratio of 5.0. In some cases contamination of 
the product by zeolite B is seen. 
(f) Seeding is a technique well known for the initiation of 
crystallisation. Rosinski and Chu(119) describe the use of seeds of 
high-silica zeolites in preformed composites to form an attrition 
resistant and highly stable, product for catalysis or sorption. 
Zeolites for which this method is suitable have a silica/alumina 
ratio of at least 12 and a constraint index of 1-12. Seeds of the 
required zeolite are used and particles are of a suitable 
composition for further crystallisation of this structure. Seeds, 
silica, alumina and water are mixed to form the particles which are 
then treated thermally and become hard, dry and attrition-resistant. 
Catalytic particles in the form of extrudates, microspheres, 
tablets, pellets etc can be produced by this method. The seeded 
particles are placed in an aqueous, reaction mixture which contains 
alkali metal cations and are reacted under conditions suitable for 
the formation of zeolite crystals within the particles. The alumina 
source can be an alumina-containing clay (preferably thermally 
treated at 540°C or more) or an aluminosilicate such as a naturally 
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occurring zeolite which becomes amorphous on calcination. An 
additional source of aluminium such as sodium aluminate, aluminium 
sulphate or other aluminium salts may be added. Silica is supplied 
from a clay or a mixture of a clay plus a non-clay (e.g. colloidal 
silica, fumed silica, water glass, sand) source. The preferred 
cations are Na+ and NH+ although a variety of other cations can 
also be used. These are generally added as the hydroxide. The water 
content of the mixture is decided according to the physical form of 
the desired particles (e.g. spray drying > extrusion > tabletting). 
The product contains a maximum of 60% by weight high silica zeolite 
in a porous matrix. Non reactive powders can also be incorporated 
into the particles to impart desired properties such as increased 
density, modification of activity, increased heat capacity, 
modification of porosity or as a diluent. Examples of such materials 
include alpha-alumina, titania, zirconia, barium sulphate and 
metallic nickel. The quantity of seeds can be varied within very 
broad limits but is generally at least 0.01% in relation to the 
total weight of silica, alumina and seeds. Results are given for 
particles in the form of both extrudates and microspheres, and with 
and without seeds which have been treated in the same way. With 
seeds present 40% and 35% ZSM-5 was present respectively while in 
the absence of seeds ZSM-5 did not form. The presence of seeds is 
critical while the quantity is important in controlling the size of 
the zeolite formed. Crystals larger than the seeds result from 1-5% 
seeds while 3-10% seeds produces crystals of a size similar to that 
of the seeds. Smaller crystal sizes are also favoured by lower 
reaction temperatures. No reformulation or pelletising is required 
prior to use and the inclusion of seed crystals also reduces the 
consumption of expensive organic reagents and eliminates the need 
for downstream processing steps to remove organic cations from the 
zeolite structure. 
(g) Altomare(1 20 ) describes a second method in which the use of 
preformed particles and seeding are combined. The "seed solution" is 
defined as a solution containing silica, alumina and soda which 
PAGE 39 
enables a zeolite crystallisation process which would not occur in 
the absence of the seed or which significantly shortens the 
crystallisation process. This method concerns the production of FCC 
catalysts. Microspheres of calcined kaolin clays are immersed in 
alkaline sodium silicate solution to crystallise zeolite Y 
throughout the particles at levels of >40%. The microspheres are 
prepared by spray drying a slurry of hydrated kaolin clay and 
substantially calcined kaolin clay. After calcination their 
composition is 30-60% metakaolin and 40-70% calcined kaolin. The 
seed solution is prepared by mixing together sodium silicate, sodium 
aluminate and sodium hydroxide solutions preheated to 1000F in a 
controlled manner. The proportions are chosen to give a final 
solution of the desired Na20, A1203, Si02 and H20 content. This 
mixture is covered and aged at 100°F for 6 hours to mature the 
seeds, then added to the reactor with the microspheres of calcined 
clay and sodium silicate solution. If aged for 24 hours or more the 
seed solution becomes cloudy and is less successful. This is 
believed to be due to the formation of larger particles which cannot 
penetrate into the pores of the microspheres. The zeolite then grows 
on the surface instead of within the particles and the resulting 
crystalline microspheres are more porous and less 
attrition-resistant. Excessive fines are also produced in such 
reactions. The developmentof such cloudiness can be prevented by 
the addition of sodium silicate solution to the aged seed solution. 
Microspheres produced by this method have exceptionally high 
activity and good selectivity as FCC catalysts while their attrition 
resistance is equal to or better than commercial FCC catalysts. This 
process allows both internal and external seeding (i.e. seeds may be 
present within the spheres or added to the slurry of spheres and 
solution). 
(Ii) A third method which involves the use of preformed particles and 
seeding is described by Britton and Rollmann(121) and applies to 
high silica zeolites having a silica/alumina ratio of 12 or more 
(even higher proportions of silica may be preferred). Preferred 
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zeolites are ZSM-5, ZSM-11, ZSM-12, ZSM-23, ZSM-35 and ZSM-38, with 
ZSM-5 being particularly preferred. The seeds provide nucleation 
sites, thus initiating crystallisation while the matrix gives 
temperature and impact resistance to the final product. The 
combination of crystallisation and bonding steps decreases the 
crystallisation time and results in higher zeolite yields and 
decreased manufacturing costs. The proportion of seed crystals is 
0.01-2.0% by weight and these are mixed with an inorganic oxide 
matrix to give a slurry. The matrix material may be synthetic or 
naturally occurring (including e.g. clays, silica or metal oxides) 
and may serve as a source of reagents, supplying all or some of the 
silica or alumina, or the alkali metal. The slurry can be formed 
into particles by a variety of processes which include extrusion, 
pelleting, and spray drying. The particle dimensions and geometry 
are then essentially fixed and are not substantially changed during 
the subsequent crystallisation. The particles are contacted with a 
reagent solution under conditions suitable for crystallisation of 
the desired zeolite. Unseeded material will also crystallise to 
ZSM-5, but this crystallisation is much slower. Examples are given 
in which the relative % crystallinities for seeded/unseeded products 
are 35/15, 30/20 and 16/2. It should be noted that, under the 
conditions-used, if faujasite is present in the matrix it survives 
the subsequent treatments and that it should therefore be possible 
to synthesise particles containing both faujasite and ZSM-5 which 
would give a shape selective FCC catalyst. 
(1) Torobin(122) describes the use of hollow, porous microspheres as 
substrates and containers for catalysts and the benefits which are 
obtained over standard catalysts. The use of microspheres avoids any 
reduction in the diffusion rate of the reactant to the catalyst or 
decrease in the surface area available for reaction. These 
microspheres are of very general catalytic application, including 
use with zeolite catalysts. They contain a single central cavity and 
are of uniform diameter and wall thickness. Their porous character 
results from the substantial void content of the walls (from pores 
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which are continuous through the walls). They can be coated or 
filled with the catalyst or filled with catalyst or catalyst + 
support. Microspheres can be made from ceramic, glass, metal, metal 
glass or plastic particles or mixtures thereof and can be 
tailor-made to suit a particular use or, if desired, can be selected 
to have catalytic activity. A further advantage of their use is that 
by avoidance of attrition formation of small particles and packing 
of the bed, the pressure drop across the catalyst bed is minimised. 
Microspheres are manufactured from an aqueous or non-aqueous 
suspension or dispersion containing finely divided inorganic or 
organic solid particles, a binder material, a film stabilising 
agent, a dispersing agent for the solid particles and continuous 
liquid phase. This slurry is blown into microspheres using a coaxial 
blowing nozzle, heated to evaporate the solvent and further heated 
or cooled to harden the microspheres. Treatment at elevated 
temperature enables decomposition and removal of the binder and then 
the particles are fired. The resultant sintering or fusion of the 
particles produces a strong, rigid network. The inclusion in the 
slurry of particles which have a decomposition temperature between 
that used for blowing and for firing or sintering the particles 
results in macropores in the walls of the microspheres. 
A procedure for the preparation of microspheres containing zeolite 
13Y is described. Alumina microspheres of 2000-40001nn in diameter 
and 40-60jmi wall thickness and containing macropores of 60-80pm in 
diameter were used. A slurry of Na-13Y powder was prepared and 
sprayed on to the point of saturation. The application of suction 
causes the slurry to fill the cavities. Removal of the carrier in 
which the zeolite was slurried leaves the crystals sufficiently 
agglomerated that they are not subsequently easily removed from the 
microspheres. The zeolite can then be ion exchanged into the 
required form. This catalyst has high strength and attrition 
resistance and a very high cracking activity. Effectively it is in 
the form of a binderless pellet protected by an outer shell, and 
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with access such that the zeolite acts efficiently. There is no 
apparent reason which would prevent extension of this method to 
include other zeolite structures. It should be noted that while 
benefits in the hardness and attrition-resistance of the product 
result from this process, production of catalysts by this method 
would be expensive. 
1.8 Aims of this Work 
The work described in this thesis involves the synthesis of zeolites 
by novel methods. Two major areas have been studied. The first of 
these concerned the development of a novel synthesis method with the 
aim of producing zeolite catalysts while the second area of 
investigation involved an entirely new synthesis route. 
1.8.1 Investigations into Pseudomorphic Transformations 
Pseudomorphic transformations involve the production of a 
crystalline product without significant alteration of the size and 
shape of the reagent particles. In zeolite chemistry the first 
report of such transformations related to the synthesis of zeolites 
A, B and hydroxysodalite(84). Subsequently, conversion of 
chromatography grade silica gel to pseudomorphic aggregates of 
silicalite-1 crystals was achieved(123), and the particles were used 
as a stationary phase for steam chromatography. A further 
report(124) concerns the nature of this type of material. The 
pseudomorphs were given the name gel particle silicalite (GPS) and 
the synthesis and morphology of these products was discussed. 
Systems containing reagents as described in Section 2.1.1.1 were 
studied using both stirred and static systems. The general structure 
of products of this type is shown diagrammatically in Figure 1.6. 
True GPS was formed only in stirred systems, static reactions 
producing aggregates of a non-pseudomorphic nature. Temperatures 
above 120°C were required, the best results being obtained for 
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synthesis at 1500C. 
The aims of the present work were to learn more about the properties 
of GPS-type materials and to gain further understanding of the 
mechanism of their formation. Further aims were to synthesise ZSM-5 
pseudomorphs by similar procedures, to characterise them and to 
evaluate them as catalysts. The benefits associated with this method 
of catalyst production could then be compared with those for the 
methods described in Sections 1.7.3 and 1.7.4. The synthesis of 
other zeolite structures in a gel particle (GP) form was also 
attempted. 
1.8.2 Synthesis by Soxhiet Extraction 
Conventional zeolite syntheses in which all reagents are mixed 
together prior to reaction have several associated problems. These 
include product contamination with amorphous silica or 
silica-alumina, restriction to conditions of high alkalinity such 
that a substantial quantity of the silica is present as small 
anions, and lack of control over both the species and distribution 
of silicate anions present. If a dissolution and recrystallisation 
mechanism is assumed then monosilicjc acid anions Si(OH)30- and 
Si02(OH)22- are the most likely crystal growth species, as discussed 
in Section 1.3.3. The presence of larger species may impede crystal 
growth and contribute to the production of faulted materials. 
The aim of the soxhlet extraction method described in Chapter 8 was 
to overcome some of these problems. In this method silica is added 
to the reaction solution throughout the synthesis in the form of 
monomeric silicic acid without any change in the quantity of water 
present. This was achieved by placing the source of silica in a 
soxhiet thimble above the reaction vessel. Condensation of the water 
above this enabled gradual silica dissolution and transfer. 
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The method has many possibilities, for example in the preparation of 
new structures and fault free materials, and the work described in 
this thesis was directed towards these ends. The use of non-aqueous 
solvents in such systems was also investigated. 
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Table 1.1 Zeolite Cl ass ifi ca ti on * 
Idealised unit cell composition 	 Coon 
structural element 
Analcime Group 
And lcime 8a161A1163i320 	96116112 	0 86R,84R 
Wairakite Ca8 [A1168i320 	96116112 	0 - 
Natrolite Grup 
Natrolite Na16[A1163i240 	8011 6 H2 	0 4-1 
Thomsonite Na4Ca8 	[Al2oSi 20080 	124H20 
Reulandite Group 
Heulandite Cad Ale 	Si180 72124111 	0 4-4-1 
Clinoptilolite Na6 [Al6 	31300 72124H2 	0 
Phillipsite 	Group 
Phillipsite (K,Na)5[AI5S 1 11O32]IOH 	iO S4R 
Zeolite Na-P Na8 [Al8 	Si80 	32]16112 	0 S8R 
Mordenite Group 
Mordenite Na8 [Al8 	S140 	96124112 	0 5-1 
Ferrierite Na1,5Mg2 [Al5,5 	3i30,50 	72118112 	0 
Chabazite Group 
Chabazite Ca2 [Al4 	Si80 	24113112 	0 
Erionite (Ca,Mg,Na21K2)4,5 	[A1458i 	27072 	1271120 D6R,38R 
leolite 	L K66Na3 	[A193i 	27071 	121HiO 
Pentasil Group 
Zeolite ZSM-5 Na[kl 	Si(96-)0 	192116H20 5-1 
leolite 	ZEN-Il (nca 	3) 
Laumontite Group 
Laumontite Ca4 [Al8 	3i160 	48]16112 	0 84RS6R,S8R 
Faujasite Group 
Faujasite 	(and Na11Ca 	jjMgjj 	[A1593i 	1330384 	1260H0 S4R,36R 
isostructural 38R,06R 
zeolites 	I and Y) 
Zeolite A Na12IAI12Si12O 	48127111 	0 D4R J S4R,S8R 
'From Barrer uleolites  and Clay Minerals as Sorbents and Molecular Sieves'(125) 
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Table L 2 Classification of Zeolites by Pore Size 
Pore 	Number of 	Maximum 	Examples 
Size T-atoms Window 
Si ze/nm* 
Large 	 12 	 0.80 	Faujasite (X,Y) 
Medium 	 10 	 0.63 	ZSM-5 
ZSM-11 
Small 	 8 	 0.45 	Erionite 
	
6 0.28 
* Calculated value based on oxygen diameter of 0.28nin. From Barrer 
"Zeolites and Clay Minerals as Sorbents and Molecular Sieves"(125) 
Table 1.3 Zeolite Reaction Mixture Compos itions * 
Mole Ratio 	Primary Influence 
Si02/A1203 	Framework composition 
H20/Si02 	Rate, crystallisation mechanism 
OH-/Si02 	Silicate molecular weight, OH- concentration 
Na+/Si02 	Structure, cation distribution 
R4N+/Si02 	Framework aluminium content 
*From Rollmann( 86 ) 
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Table 1.4 Summary of Compositions and Conditions used in the Synthesis of 
LSK-5 and Silicalite-1 
Organic 	Reaction 
Component teop/oC 	8011/Salts 	Si/Al 	Oil- /Si 	H20/Si Other 	Ref. 
TPABr 120 NaOH 20->1000 0.2-0.25 7.4 162 
TPABr 120 Na011 12 0.38 7.5 163,164 
TPABr 120 bOil 20-1250 4.0-4.98 7.4 164 
TPAO11 170 Li011 45 0.29 22.2 Static 165 
TPAOH 170 NaOil 45 0.29 22.2 Static 165 
TPAOH 170 KOR 45 0.29 22.2 Static 165 
TPABr 180 NaOH 45 0.16 23 166 
TPABr 120 NaOR 44.6 0.20 45.1 56 
TPABr 120 LiOH/K011 44.6 0.20 45.1 56 
TPABr 120 RbOil/CsOH 44.6 0.20 45,1 56 
TPAOR 120 NaOil 12.2 0.68 17 56 
TPA 130 NaC1 48.3 0.10 25.3 56 
TPA 150 NaOH 30 0.15 50 Stirred 75 
111DM 150 NaOH 30 0.15 50 Stirred 75 
HIDL 150 NaOR 30 0.15 50 Stirred 75 
PIPZ 150 NaOH 30 0.15 50 Stirred 75 
C2-05 alcohols - NaOH 45 0.11 40 Stirred 167 
Ethanol 160-180 NaOR 20-90 0.08-0.2 40-80 Stirred 167 
n-BA - bOil 45 0.11 40 Stirred 168 
n-HA - NaOH 45 0.11 40 Stirred 168 
C2-05 RN 82-177 NOR 0.07-10 5-200 167 
PYRR 150 NaOH 10-180 0-0.2 20-80 Stirred 169 
TPABr 95 NaOil >1000 (0.335 50 Stirred 82 
TPABr 80-180 NaOil >1000 0.46 12.9 170 
TEABr 80-180 NaOH >1000 0.46 12.9 170 
TBABr 80-180 NaOH >1000 0,46 12.9 170 
TPAOH TPAOH 
TPABr+PIPL 100-150 None >1000 0 20-50 Stirred 71 
TPABr+PIP1 150 None >1000 0 50 Static 71 
111DM 100 KOR/RhOil >1000 0.17 50 Stirred 81 
111DM 120 None >1000 0 12.5-50 Static 97 
PYII 120-150 NaOH >1000 0.025 12.5 Static 171 
where: 
[011 - ] : ([M10] - [A 1 103]) / [ 5i01j 
TPABr : tetrapropylammonium bromide 
IPAGil = tetrapropylammonium hydroxide 
111DM : hezane-1,6-diamine 
RIDL : hexane-1,6-diol 
PIP1 = piperacine 
PYRR : pyrrolidine 
n-BA = n-butylaoine 
n-HA = n-herylaoine 
- 	= not specified 
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Table 1.5 Results for Syntheses in Non-aqueous Solvents at 1500C 
Cation 
Solvent Na K Li Ca Ba 
Glycol MS Am Am Am HS 
Glycerol MS Am Am - - 
DMSO MS KP Am Am Am 
Sulfo lane MS KP Am Am BaT 
C6-C7 alcohol HS KP - - BaT 
Ethanol MS Am - - Am 
Am = amorphous 
HS = hydroxysodalite 
KP = kaliophilite 
Data from van Erp et al(9 9 ) 
Table 1.6 Products Synthesised from Systems containing 
Monoethanolamine or Methanol 
Alkali Cation 
Solvent 	 Li 	Na 	K 	Rb 	Cs 
H20 + MeOH 	Amorph ISI-1 ISI-1 ISI-1 Amorph 
H20 + MEA ISI-6 ISI-4 ISI-4 ZSM-48 ZSM-48 
MeOH = methanol 
Amorph = amorphous 
MEA 	= monoethanolamine 
ISI-1 = NU-10 
ISI-4 = ZSM-23 
Data from Sugimoto et al( 101 ) 
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Table 1.7 Industrial Applications of Zeolites 
Process 	 Zeolite 	Products 
Catalytic cracking 	faujasite gasoline, fuel oil 
Hydrocracking 	faujasite kerosene, jet fuel 
benzene, toluene, xylene 
Hydroisomerisation 	mordenite i-hexane, heptane 
(octane enhancer) 
iso/n-paraffin 	Ca-A 	pure n-paraffins 
separation 
Dewaxing 	 ZSM-5 	low pour point lubes 
mordenite 
Olefin drying 	K-A 	polyolefin feed 
Benzene alkylation 	ZSM-5 	styrene 
Xylene isomerisation ZSM-5 	paraxylene 
from D E W Vaughan(43) 
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Table 1.8 Commercial forms of zeolite A 
Form Cation Pore 
diameter/nm 
3A 0.30 
4A Na+ 0.38 
5A Ca2+ 0.43 
from D N 1uthven( 21 ) 














Figure 1.1 Secondary Building Units Identified in Zeolite 
Structures 

















(Type X, Y) 
Figure 1.2 Zeolite Structures based on the Sodalite Cage or 
Truncated Octahedron 
Taken from Vaughan( 43 ) 
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ZSM-5 
near circular channels 
0.54 x 0.56 nm 
r"'. ,~ 
elliptical straight channels 
0.51 x 0.56 nm 
ZSN-11 
lear circular channels 
0.54 X 0.56 nm 
Figure 1.3 Channel Systems of Zeolites ZSM-5 and ZSM-11 
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Figure 1.4 SciA2matic Representation of Molecular Shape-Selectivity 
Effects 
Taken from Derouane( 106 ) 
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Figure 1.5 Reactions of C8 Aromatics 
Taken from Derouane(106 
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surface of small, highly intergrOWn 
crystals of around ijim in size 
larger internal crystals 	 crystalline crust 
(4-6 pm) 	 (thickness 10-15 pm) 
, .• • 
/ 
/ 
both individual and/or aggregated crystals 




2.1 Synthesis Procedure 
2.1.1 Gel Particle Synthesis 
2.1.1.1 Reagents 
The reaction mixture used in the synthesis of pseudomorphic 
silicalite-1 had the same composition as those previously 
reported( 124 ) 
20 SiO2 . 2 TPABr . 10 PIPZ . w H20 
where: 
S102 = Kieselgel 60, 35-70 mesh ASTM, Merck 
TPABr = Tetrapropylammonium bromide, purum grade, Fluka Ltd 
PIPZ = Piperazine hexahydrate, 98%, Aldrich 
H20 = Glass distilled water 
w = 250 or 1000 
Other reagents used in these syntheses included: 
Alumina trihydrate, Kaiser 
Aluminium nitrate, AnalaR grade, BDH Ltd. 
Aluminium wire, AnalaR grade, BDH Ltd. 
Hexamethonium bromide, puruin grade, Fluka Ltd. 
Sodium aluminate technical grade, BDH Ltd. 
Sodium hydroxide AnalaR grade, Fisons plc 
Sodium metasilicate (Na2SiO3.5H20'), technical grade, BDH Ltd. 
Tetrabutylanunoniuin bromide, puruin grade, Fluka Ltd. 
Triethanolamine, AnalaR grade, BDH Ltd. 
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2.1.1.2 Synthesis in Stirred Autoclaves 
This method had already been shown to produce gel particle 
silicalite materials( 123 ' 124 ). As in those investigations, syntheses 
were carried out in 500cm3 stainless steel autoclaves (Baskerville 
and Lindsay Ltd.). Each of these was equipped with a magnetically 
coupled paddle stirrer, a dip tube to enable sampling, and gas inlet 
and outlet valves. An external heater fitted around the vessel and 
the reaction temperature was controlled by a Gulton-West temperature 
controller and monitored by a thermocouple. A pressure gauge showed 
the pressure within the autoclave and a trip mechanism ensured that 
if a given pressure was exceeded then the heater was switched off. A 
bursting disk, which would blow at 45 atmospheres was also 
incorporated. The final safety feature was a temperature cut out, 
generally set at 30°C above the reaction temperature and which would 
operate should the primary temperature controller fail. A 
diagrammatic representation of one of these autoclaves is shown in 
Figure 2.1. 
The total weight of reaction mixture used was 350 or 400g. Reactions 
were carried out at a temperature of 150°C and with a stirring speed 
of 50rpm. It was found that the sampling tube became blocked by the 
silica gel particles, hence to study the course of a reaction with 
time, a separate synthesis was required for each experimental point. 
After each synthesis the autoclave was allowed to cool. A sample of 
the product mixture (solid + solution) was removed for pH analysis 
and the remainder was filtered through a Whatman No. 1 filter paper. 
If necessary, two papers were used to prevent the loss of solid 
material. The solid product was washed well with water and then 
dried overnight at 110°C. 
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2.1.1.3 Synthesis in Static Systems 
Static reactions were carried out in 30 cm3 PTFE lined stainless 
steel bombs. These were placed in ovens thermostatted at the 
temperature required. In these systems the maximum weight of 
reaction mixture used was 20g. When the required synthesis time was 
reached each bomb was removed from the oven and quench-cooled. 
Product treatment was then as described in Section 2.1.1.2. 
2.1.1.4 Synthesis in Tumbled Systems 
An alternative type of agitated reactor was provided by ICI plc. 
Stainless steel bombs of 75 cm3 capacity were tumbled inside an oven 
heated to 150°C. The total weight of reagents used was 50g, with a 
tumbling rate of 60 rpm. All testing and calibration of this system 
was carried out by ICI personnel. Each vessel was pressurised to 20 
p.s.i. prior to reaction to conform to ICI safety regulations. On 
completion of each synthesis the vessel was removed from the oven, 
allowed to cool, the pressure was released and then the contents 
were quenched by pouring them into 400m1 of demineralised water. 
Products were filtered through a double thickness of Whatman No. 1 
filter paper and dried at 110°C. Again, a series of separate 
reactions were carried out under identical conditions but for 
different reaction times to enable the progress of a reaction to be 
studied. 
2.1.2 Synthesis by Soxhiet Extraction of Silica 
2.1.2.1 Reagents 
Cab-0-Sil M5 was the preferred silica source for synthesis by 
soxhiet extraction of silica. This is a fumed silica of high purity, 
prepared by the combustion of SiC14 in a hydrogen and oxygen flame 
at 1800°C. Its surface area is around 200 m2 g - ' enabling rapid 
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dissolution during the reaction. In some of the reactions described 
in Chapter 8, Kieselgel 60 was the source of silica. The results for 
XRF analysis of both silica sources are shown in Table 8.6. 
Other reagents included: 
Aluminium wire, AnalaR grade, BDH Ltd. 
Ethanedi.ol, SLR grade, FSA Lab Supplies 
Glass distilled water 
Piperazine hexahydrate, 98%, Aldrich 
Potassium bromide, AnalaR grade, BDH Ltd. 
Potassium hydroxide, AnalaR grade, Fisons plc 
Sodium hydroxide, AnalaR grade, Fisons plc 
Tetrabutylammonium bromide, puruin grade, Fluka Ltd. 
Tetramethylammoniuin bromide pentahydrate, purum grade (>98%), Fluka 
Ltd. 
Tetrapropylammonium bromide, purum grade, Fluka Ltd. 
Tripropylamine, purum grade, Fluka Ltd. 
2.1.2.2 Early Systems 
The first soxhiet syntheses were carried out in a system of the type 
shown in Figure 2.2. The reaction vessel was a conical Quickf it 
flask with a side arm to allow sampling. This was connected to the 
soxhlet, containing the silica, and then to a water condenser. This 
entire apparatus sat on a stirrer-hotplate. Two major problems were 
associated with this system; namely the dissolution of the glass 
flask by the alkaline reagent solution, and the wearing down of the 
PTPE stirrer bar during the reactions. 
2.1.2.3 Purpose-built Soxhiet Systems 
Specially designed vessels were constructed for further soxhiet-type 
reactions. These were made from stainless steel; they had flat bases 
and a broad lip at the top, allowing their attachment to a Quickf it 
flanged lid. A groove around the lip held a viton 0-ring, thus 
ensuring a good seal. The capacity of these vessels was 1000cm3. The 
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flanged lid contained four openings. The central one was connected 
to the soxhiet apparatus and condenser while the other three could 
be stoppered or used for sampling or temperature measurement during 
the reaction. A siphon type soxhiet was used. Figures 2.3 and 2.4 
show, respectively, the basic apparatus and some of the 
modifications which were used in the soxhiet reactions described in 
Chapter 8. 
2.2 Analysis Methods 
2.2.1 pH Measurements 
2.2.1.1 Background 
Zeolite crystallisations can be followed by measurement of the pH of 
the reaction mixture. For those used in this work the ratio 
(2PIPZH+ - A1203 ) / Si02 (in which PIPZH+ represents protonated 
PIPZ), i.e. the effective free base content, controls the pH. 
Changes in the pH of a reaction mixture can occur for two 
reasons(7182126127). The first of these is the occlusion of base 
within the crystallising zeolite, which results in an overall 
decrease in pH. This effect is seen during the synthesis of 
silicalite or very high silica ZSM-5 due to incorporation of base 
into the precursor structure in the form of TPAOH. The second factor 
which controls the pH of the reaction mixture is the solubility of 
the solid phase with which solution species are in equilibrium. 
Crystalline phases are less soluble than amorphous phases and the 
equilibrium level of associated solution silica species is therefore 
lower for crystalline phases. During zeolite crystallisation, 
control of the solution species originally rests with the amorphous 
gel. As crystallisation approaches completion, insufficient gel will 
be present to maintain control of solution species which then passes 
to the less soluble crystalline phase. A sharp reduction in the 
level of silica species in solution is then seen, accompanied by a 
sharp rise in pH. 
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2.2.1.2 Instrumentation 
Measurement of pH was made using a Philips type 9422 digital pH 
meter fitted with an EIL type 1180/200/BNC electrode. This was 
recalibrated immediately prior to all pH determinations using 
standard solutions of pH 7 and 9.4. An equilibration time of 5 
minutes was allowed between immersion of the electrode and 
measurement of the solution pH. 
2.2.1.3 Application to Gel Particle Systems 
As sampling from reactions was not possible (Section 2.1.1.2), each 
member of a series of identical reactions provided a single point on 
the pH profile for that reaction. The degree of error implicit in 
this method is greater than pertains when samples are taken from a 
single reaction, but the nature of the silica source used in 
pseudomorphic synthesis left no alternative. 
2.2.1.4 Application to Soxhiet Systems 
Measurement of the pH of samples taken during these reactions 
allowed the progress of crystallisation to be followed. The constant 
addition of silica to the reaction vessel complicated the 
interpretation of the pH curves, as will be discussed in Chapter 8. 
2.2.2 Sieving of Gel Particle Products 
2.2.2.1 Background 
The degree of fines production (i.e. particles which are much 
smaller than the original silica gel particles) during these 
reactions had been seen to vary according to the conditions 
used(12 4 ). Three mechanisms for fines production seemed to be 
possible: 
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Direct crystallisation from solution 
Attrition between gel particles 
Break-up of the gel particles, releasing crystals and aggregate 
fragments 
By studying the proportion of fines for each synthesis it was hoped 
that pointers to the degree of influence of each mechanism might be 
obtained. 
2.2.2.2 Procedure 
The Kieselgel was sieved prior to reaction, using a sieve of 100 
mesh ASTh (0.15mm). After crystallisation the entire product was 
re-sieved and the fines fraction (material which will pass through a 
sieve of this mesh size) determined. The fines and the coarser 
material were then stored —separately and the bulk of the subsequent 
analyses were carried out only on the coarser material. 
2.2.3 Calcination 
Prior to crystallinity measurement the organic template was removed 
from the crystalline product by oxidative degradation in air. This 
calcination was carried out in a muffle furnace. Silicalite samples 
were calcined at 550°C overnight and then at 800°C for one hour. 
When calcining ZSN-5 samples the effect of temperature on structural 
aluminium had to be considered, and hence these samples were only 
calcined overnight at 550°C. This was generally sufficient for 
complete removal of the organic template species and where higher 
temperatures were used this is noted in the text. Calcination 
temperatures for other materials were determined by thermal analysis 
or by gradually increasing the furnace temperature until the 
material appeared white. 
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2.2.4 X-Ray Powder Diffraction (XRPD) 
2.2.4.1 Background 
In crystalline materials the atomic spacing is of the same 
approximate magnitude as X-ray wavelengths. When a beam of X-rays 
hits the crystals diffraction occurs and, depending on both the 
incident angle of the radiation and the crystal spacing, may lead to 
the X-rays 1 2ing in or out of phase. This is described by the Bragg 
equation: 
nX = 2d sine 
where n = the order of the diffraction pattern, d = the distance 
between planes and e = the angle of incidence and reflection. Only 
reflections which are in phase are seen, and these give rise to a 
diffraction pattern which is characteristic of the material and 
provides a fingerprint by which it can be identified. As peak areas 
are proportional to the volume fraction or crystalline material, 
XRPD can also be used to measure the degree of crystallinity of 
samples which are only partially crystalline (i.e. contain both 
crystalline and amorphous phases). Peak heights may be used to give 
an approximate measure of crystallinity but it should be noted that 
crystal size effects result in peak broadening, and loss of height 
as crystals decrease in size. As crystallinity is determined as a 
volume fraction, factors such as sample packing influence the 
pattern and it is important that sample preparation should be as 
consistent as possible. It is essential to run a standard with the 
samples to eliminate errors due to day to day variations such as 
slight changes in the intensity of the incident beam and the 
atmospheric moisture content. For crystallinity determinations only 
calcined samples are used as the presence of organic molecules 
within the framework also alters peak intensities. 
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2.2.4.2 Instrumentation 
A Philips X-ray powder diffractometer was used. The X-ray generator 
(PW 1730/10) produced Cu Ka radiation (mean wavelength 1.5418). 
Sample loading was carried out by an automatic sample changer (PW 
1170/02). A motor control unit (PW 1394) controlled the scanning 
while detection was controlled by a channel control unit (PW 1390). 
A focussing monochromator was fitted immediately before the detector 
(Mffi 3-202E). Continuous scanning mode was used and the results 
recorded on a chart recorder (PM 8203). A scan rate of 1020 min-1 
and a time constant of 2 were used unless otherwise stated. 
2.2.4.3 Application to Gel Particle Systems 
XRPD was used to check both the identity and the crystallinity of 
these products. For product identification the range scanned was 
either 4-4002e or 4-5002e while for crystallinity measurements the 
range 20-2602e was scanned and the speed of the chart recorder 
doubled to allow more accurate measurement of peak areas. 
XPPD measurements were carried out on sieved samples (either fines 
or, more usually, the coarser, aggregate fraction). Prior to 
analysis, a mortar and pestle was used to grind all samples to a 
fine powder. Crystallinities were determined, using calcined 
material, by measurement of the area of the peak at 20 = 23.2°. 
These values were compared to that of a reference material which was 
taken to have a crystallinity of 100%. This material was prepared 
from the reagent mixture: 
20 Si02 . 2 TPABr . 10 PIPZ . 1000 H20 
where the silica source was Kieselgel 60, 35-70 mesh ASTN (Merck) 
which had been thoroughly ground prior to reaction to ensure 
complete crystallisation. Other reagents were as described in 
Section 2.1. Synthesis was carried out in a stirred autoclave as 
described above (150°C, 50 rpm), with a synthesis time of 10 days. 
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The product was calcined overnight at 5500C and then at 800°C for a 
further hour prior to its use as a reference standard in XRPD 
analysis. 
Errors can arise from several sources during crystallinity 
measurements. One well established cause is the failure of XRPD to 
detect very small crystalline particles which can be shown to be 
present by infra-red spectroscopy, thermal analysis or magic angle 
spinning NMR( 128129). For ZSM-5 this effect has been seen for 
crystals of <8 nm (i.e. <4 unit cells) in an amorphous matrix(129). 
While this is an effect which can obviously apply to the early 
stages of any zeolite crystallisation, synthesis of gel particle 
aggregates may be particularly vulnerable due to the apparent nature 
of crystal nucleation and growth which is initially seen on the 
particle surfaces and then, at a later stage, also within the 
particles. Artificially low crystallinity measurements due to X-ray 
amorphous crystals can therefore be associated with two stages in 
such reactions. Other factors which can distort measured X-ray 
crystallinities include orientation effects. Random crystal 
orientations assume that all orientations have the same probability 
but preferred orientation, seen especially for crystals of platy or 
needle morpholegies, results in changes in the relative intensities 
of the peaks in the diffraction pattern. 
lb 
Lewis(130) has described the problems associated with quantitative 
XRPD analysis (Cu Ka radiation) of cracking catalysts. A loss of 
intensity was seen with increasing particle size. The dimensions of 
GP aggregates were such that sample grinding was required prior to 
analysis. Any inconsistencies in sample preparation (i.e. the degree 
of grinding) could affect measured crystallinities and care was 
taken to be as consistent as possible. Other sources of error 
include inconsistencies in sieving or sample packing, and in the 
degree of accuracy with which peak areas can be determined. This 
combination of factors could lead to uncertainties of around =10% 
for gel particle materials. Measurement of the crystallinity of 
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Al-containing materials may also incorporate effects due to Al 
distribution. 
The relationship between the crystallinity of the aggregate fraction 
of a product, as measured by XRPD, and the fines produced during 
synthesis was used as an indication of the extent to which the 
product possessed the desired qualities of high crystallinity and 
strength. This is expressed as a "Quality Factor" (QF), where: 
QF = % crystallinity of aggregate / % fines 
In theory values of between zero and infinity are possible. A more 
realistic scale for product evaluation covers the range zero to one 
hundred. 
2.2.4.4 Application to Soxhiet Systems 
The main application for XRPD in these studies was the determination 
of the phases present. Samples were generally in a finely 
particulate form, thus analysis was relatively straightforward. 
Measurements were made over the range 4-5002e unless otherwise 
stated. Many of the samples from soxhlet systems were of 
insufficient bulk for quantitative analysis but where sufficient 
material was available, samples appeared to be highly crystalline 
with little sign of the broad hump associated with the presence of 
amorphous silica. 
2.2.5 Zeolite Morphology 
2.2.5.1 Background 
The morphology of zeolite crystals varies according to the specific 
structure which has crystallised and also the conditions of 
synthesis. Variables such as crystal size, shape and degree of 
twinning must be considered. The precise effects of synthesis 
conditions on these variables is an area about which little has been 
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published, and interpretation of the crystal morphology in terms of 
the crystallisation mechanism is not generally possible. 
ZSM-5 crystals are most commonly based on a lozenge-shape, as shown 
in Figure 2.5. This may become squat, platy or elongated according 
to the specific conditions of synthesis. Crystals which are single, 
twinned, or even further intergrown may also be produced. In the 
study of pseudomorphic, gel particle type products several variables 
must be considered in morphology studies. The overall particle 
morphology and also the individual morphologies of internal and 
external crystals may all provide insights into the influence of 
synthesis conditions. 
2.2.5.2 Optical Microscopy (OM) 
2.2.5.2.1 Background 
In standard zeolite synthesis the general morphology of particles 
can be seen using an optical microscope provided they are 
sufficiently large (5p1n or more). Often crystallisation is first 
observed in this way. Identification of the crystals maybe possible 
but must always be confirmed by XRPD. 
2.2.5.2.2 Instrumentation 
A Vickers model M1 Photoplan optical microscope was used. Samples 
were mounted in water on a microscope slide and a coverslip placed 
over them prior to examination. 
2.2.5.2.3 Application to Gel Particle Samples 
During the early stages of crystallisation, small surface crystals 
could be identified on the silica gel particles. These crystals were 
too small to be examined in detail and, as the degree of 
crystallinity increased, light was no longer transmitted and the 
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particles appeared as dark shapes. To obtain information about the 
crystals it was therefore necessary to crush the samples and then 
examine the fragments. Attempts to distinguish external from 
internal crystallinity were therefore complicated and of only very 
limited use. 
2.2.5.2.4 Application to Soxhiet Samples 
Optical microscopy was used to follow the progress of silica 
addition in soxhiet reactions and to reveal the stage at which 
crystallinity was first seen. The crystallites in these systems were 
generally very small and again ON was of only very limited use. 
2.2.5.3 Scanning Electron Microscopy (SEM) 
2.2.5.3.1 Background 
Scanning electron microscopy (SEM) allows much greater magnification 
and the depth of field covered is better suited to the study of gel 
particle products than is that of optical microscopy. Samples are 
mounted on metal stubs, gold coated and placed in an evacuated 
chamber. An image is produced by firing a beam of electrons at the 
sample. The purpose of the gold coating is to increase the sample 
conductance, reducing charging effects which could otherwise cause 
distortion of the image. 
2.2.5.3.2 Instrumentation 
Facilities for these analyses were provided by Edinburgh University 
Electron Microscope Unit. A Cambridge model S90b electron microscope 
was used. Samples were mounted on metal stubs in a variety of ways 
according to the particle size as will be described in the following 
sections. 
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2.2.5.3.3 Application to Gel Particle Samples 
Unless otherwise stated, calcined samples were used. These were 
mounted on SEM stubs using either double sided tape or silver dag (a 
fine dispersion of silver in 4-methylpentan-2-one). Gold coating and 
analysis were then carried out as normal. To obtain information 
about the interior of the particles some of them were crushed prior 
to coating. This was not an ideal procedure as information such as 
the degree of internal void space was lost. As an alternative some 
of the particles were resin embedded and microtomed using facilities 
at Id. The procedure by which these samples were prepared is shown 
schematically in Figure 2.6. A small quantity of sample was placed 
in a plastic or gelatin capsule. Resin was added and stirred to 
ensure that air bubbles were eliminated and to separate the sample 
particles. Two types of resin were used: epoxy resin, which is used 
routinely for this type of analysis, and L R White, which is a 
harder resin recommended for use with zeolites(131). Samples 
embedded in epoxy resin were left to dry at room temperature for 48 
hours and those embedded in L R White resin were dried in an oven at 
600C for 48 hours. Microtoming was carried out using glass knives. 
These tended to chip, due to both the size and the hardness of the 
embedded particles. This resulted in dragging marks across the 
resin, which meant that on the face to be examined the structure of 
the embedded particles could not be clearly seen. Little information 
could therefore be obtained from these samples. 
2.2.5.3.4 Application to Soxhiet Products 
Samples from soxhiet syntheses were small crystals and could be 
mounted by dispersing a small quantity of sample in acetone on the 
stub and allowing the acetone to evaporate prior to gold coating. 
The morphologies of these products were clearly seen by this method. 
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2.2.6 X-Ray Fluorescence Analysis 
2.2.6.1 Background 
This is a destructive analytical technique which enables 
quantitative analysis of the elements in a sample. Samples are 
bombarded with an X-ray beam and measurement is made of the 
re-emitted radiation. Each element produces characteristic lines 
which can be quantified by comparison with a standard. 
2.2.6.2 Instrumentation 
A Philips spectrophotometer was used. Both instrument calibration 
and sample analysis were carried out by members of the Department of 
Geology, University of Edinburgh. 
2.2.6.3 Sample Preparation 
Samples were calcined and dried overnight at 1100C. Sample and flux 
(Johnson Matthey Spectroflux 105) in the ratio of 1:5 were weighed 
into a platinum crucible. This was covered and placed in a furnace 
at 10000C for 20 minutes to form a melt. After cooling each sample 
was reweighed and any slight weight loss from traces of moisture in 
the flux was made up. The crucible was then reheated over a Meker 
burner to form a melt again, swirled to ensure complete mixing and 
poured into a mould to produce a disk of glass which was then used 
for analysis. This procedure was repeated for each sample. 
2.2.7 Thermal Analysis 
2.2.7.1 Background 
These analyses involve the observation and measurement of the 
changes that occur as a sample is heated. The two main areas of 
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interest are thermogravimetry: the manner in which the sample weight 
changes with increasing temperature (i.e. the extent and rate of 
weight loss over the temperature range 20-9000C), and differential 
thermal analysis: the change in the temperature of the sample 
relative to that of an alumina standard, which reflects the 
occurrence of any exo- or endothermic events during sample heating. 
2.2.7.1.1 Thermogravimetry (TG) and Differential Thermogravimetry 
(DTG) 
TG involves following the weight of a sample as a function of 
temperature. In zeolite analysis events such as the burning out of 
an organic template give a sharp weight loss. The precise 
temperature at which this occurs depends upon the identity of the 
template and also on the strength of its interaction with the 
zeolite structure. The evaporation of occluded water is seen at low 
temperatures and, at high temperatures, the loss of water from the 
zeolite structure consequent on healing ot broken siloxane bonds is 
observed. A trace showing changes in weight with increasing 
temperature is produced. The rate at which the furnace temperature 
is increased is important as the temperature of the sample will lag 
behind that of the furnace. The magnitude of this effect is least 
for slower heating rates, thus as heating rates are decreased the 
resolution of the resulting trace is increased. The atmosphere in 
which analysis is carried out also affects the results and is 
usually strictly controlled. 
The DTG trace shows the differential plot (with respect to 
temperature) of the TG analysis. Weight losses are now shown as 
peaks, simplifying identification of the temperature at which weight 
loss occurs. Furthermore, resolution of processes which are not 
readily separated in the TG trace is possible. 
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2.2.7.1.2 Differential Thermal Analysis (DTA) 
In this analysis the relative temperatures of the sample and an 
inert reference placed symmetrically in a furnace are measured 
during heating and the temperature difference is plotted as a 
function of the sample temperature. Temperature differences are seen 
when changes which involve a finite heat of reaction occur in the 
sample. These could be chemical reactions, phase changes or 
structural changes. Both exothermic and endothermic reactions are 
observed as peaks and troughs-respectively. In zeolite analysis the 
main DTA events are evaporation or desorption (endothermic), burning 
out of organics (exothermic) and phase transitions. 
2.2.7.2. Instrumentation and Conditions 
A Stanton-Redcroft STA-780 Series simultaneous thermal analyser was 
used, providing TG, DTG, and DTA facilities. This-was interfaced to 
a BBC Model B+ microcomputer used for data collection and 
handling(172). The latter included procedures for temperature 
linearisation and baseline correction for both TG and DTA results. 
Plots of results were obtained using a Plotmate A4M plotter. 
Analysis was carried out in dry air with a flow rate of 30 cm3min-1. 
For analysis of gel particle precursors the DC amplifier for the DTA 
signal was set on the 5001iV range and for analysis of calcined 
materials on the lOOpy range. Samples were heated over 20-9000C 
using a heating rate of lOoC mm-1. 
2.2.7.3 Application to Gel Particle Systems 
In a recent publication(132), Franklin and Lowe discuss the thermal 
analysis of silicalite precursors. The instrumentation used was 
identical to that described here and their conclusions can therefore 
be applied directly to this work. It was noted that the DTA pattern 
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is influenced by sample size (weight) as a large weight can result 
in oxygen starvation during decomposition, causing peak splitting. 
The optimum sample size for zeolite analysis was found to be around 
10mg when a heating rate of 2°C min-iwas used, while for more rapid 
heating the chances of peak splitting were reduced by the use of a 
sample of around 5mg. 
For most runs a sample size in the range 9-11mg was used. No 
problems due to splitting of the DTA peak resulted. Prior to 
analysis samples were equilibrated for at least 24 hours over 
saturated sodium chloride solution (a=0.753). Samples of gel 
particle materials were preground to prevent movement due to the 
sudden, violent release of water and decomposition products from the 
pseudomorphs, as had been previously observed(124) and to ensure 
that sample heating was as consistent as possible. 
For an ideal silicalite with unit cell composition: 
(TPAOH)4 (Si02)96(H20) 
where x is the number of occluded water molecules, the percentage 
weight loss above 350°C is expected to be 12.32%, corresponding to 
TPA decomposition. Four stages in this weight loss were identified, 
as shown below(132): 
350-390°C : sharp loss (exothermic) 
390-410°C :.more gradual loss (exothermic) 
410-600°C : shallow 
600-900°C : shallow 
Organic decomposition was considered to account for the losses over 
the range 350-6000C, with the high temperature (600-900°C) loss 
attributed to water loss from silanol groups. Weight loss due to 
non-structural water is seen over the range 20-3500C. 
Application of thermal analysis to gel particle samples, even with 
the use of consistent sample weights and conditions, is not entirely 
straightforward. The factors below must also be taken into 
consideration: 
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Due to the large quantities of amorphous silica and associated 
silanol groups often present, the proportion of water loss not 
associated with crystallinity will be greater. This results in a 
gradual weight loss on which losses due to organic decomposition are 
superimposed. This is further discussed in Section 4.2. 
For ZSM-5 samples the presence of aluminium makes the weight 
losses more complex. The stronger attraction of aluminium sites 
results in a second decomposition peak at higher temperatures. The 
weight loss associated with this second peak increases with Al 
content and can provide a measure of the Si/Al ratio of the 
crystalline phase. Again, this is further discussed in Chapter 4. 
2.2.8 CHN Analysis 
Results for CHN analysis give quantitative measurement of the % 
weight of the elements carbon, hydrogen and nitrogen in a sample. 
For zeplite samples this can be helpful in determination of the 
amount of template present (i.e. the sample crystallinity) and also 
identification of the template species present. Problems can be 
caused by incomplete oxidation of trapped organic species. This 
causes serious problems in the analysis of clathrasils and, to a 
lesser extent, zeolites. This problem was seen using facilities at 
Edinburgh and therefore analyses were carried out by ICI plc. 
2.2.9 Magic Angle Spinning Nuclear Magnetic Resonance (MASNIIR) 
2.2.9.1 Background 
Nuclear magnetic resonance (NNR) is a spectroscopic technique in 
which study of the transitions between nuclear spin energy levels 
for a nucleus in a magnetic field enables identification of the 
number of environments in which it is present and also the 
proportion of nuclei in each environment. This is possible as 
chemical shifts reflect the local environment and ordering of 
nuclei. The application of NNR to solid samples is complicated by 
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the dominance of dipole-dipole interactions for abundant species, 
which results in broad, featureless spectra. In solution such 
effects are averaged to zero as a result of rapid thermal 
motion(133) and for solid samples they may be removed by spinning 
the sample at the "magic angle" of 54044, which removes chemical 
shift anisotropy effects to give a chemical shift similar to that 
which results from random motion in solution. 
In the analysis of zeolites by MASNMR three nuclei can be used: 'H, 
29Si and 27A].. The spectrum for each of these nuclei provides 
different information. 1H spectra allow identifir'-tion of the types 
and quantities of OH groups and H20 which are present. 29Sj spectra 
indicate the distribution of Al throughout the lattice, as 
Si[SiAl] can be distinguished for n = 0 - 4. The major use of 
27A1 MASNNR is to allow the detection of small quantities of Al in 
the zeolite lattice as Al in a tetrahedral (framework) environment 
can be distinguished from that in an octahedral (non-framework, 
hexaco-ordinate) environment. With respect to Al(H20)63+ (aq) , the 
peak due to octahedral Al is at Oppm while the chemical shift for 
tetrahedrally co-ordinated Al ranges from 51 - 65ppm in a 9.4T 
magnetic field(134). Materials of higher silica content generally 
have lower values for the 27A1 chemical shift. 
27Al MASNNR has been used in these studies to enable distinction 
between framework and non-framework Al. 
2.2.9.2 Instrumentation and Conditions 
27Al MASNMR analyses were carried out by ICI personnel who 
established all conditions to be used, as listed below. Analysis was 
carried out only on a small number of GP-type samples which had been 
used for catalysis. 
Frequency 78.152 MHZ 
Spectral width 100 KHZ 
Acquisition time 4.8 NSEC 
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Relaxation delay 0.5 SEC 
Pulse width 15 DEGREES 
No. repetitions 7000 
Gated decoupling 
Spin rate 2630-3150 HZ 
Apodisation time constant 0.002 S 
FT size 8K 
2.2.10 Characterisation of Pore Systems 
Pores are commonly divided into three classes according to their 
width, as proposed by Dubinin and now officially adopted by the 




Adsorption techniques can be used to provide information about the 
pore structure and surface area of sample materials. 
2.2.10.1 Mercury Porosimetry 
Information about the mesopores and macropores within a structure 
can be obtained by this method. The entry of mercury into the pores 
as a function of pressure applied is measured and the pore size 
distribution can then be determined. The extrusion of mercury with 
decreasing pressure can also be followed and can give information 
about the nature of the pores and the way in which they are linked. 
Although the channels within the zeolite channels are too small for 
mercury to enter, it was hoped that information could be obtained 
about the pseudomorphic particles themselves and the nature and size 
of the internal void spaces. 
2.2.10.2 Micromeritics 
Micromeritics involves the measurement of the adsorption of a gas 
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(usually N2) onto a solid sample. The degree of adsorption over a 
range of vapour pressures is measured. The complexity of behaviour 
is least for a non-porous material and greatest for one which is 
microporous. Various classes of isotherms are recognised as 
corresponding to materials of a particular type of porosity(135), as 
shown in Figure 2.7. Analysis of data by the B.E.T. method enables 
calculation of the specific surface area of the material (i.e. 
surface area in m2g-1) while comparison of sample isotherms with 
that for a non-porous reference material enables identification of 
the types of porosity present. Gregg and Sing(135) describe a 
selection of methods which have been used: the t-plot, the f-plot 
and the a8 -plot. The last of these has been used in data analysis. 
c= n/no.4, where NO.4 is the amount adsorbed at the relative 
pressure p/po = 0.4. A plot of U'5 is obtained for the reference 
material. The sample isotherm under test is then drawn as a plot of 
adsorption against Ci s rather than versus p/po. An isotherm identical 
in shape to the standard will give a straight line of slope = no.41 
which passes through the origin The presence of mesopores or 
micropores will result in upward deviations at higher or lower 
partial pressure according to the pore diameter. 
2.2.10.3 Instrumentation 
The N2 adsorption isotherms and surface areas were obtained using a 
Micromeritics ASAP 2400 instrument while mercury porosimetry used an 
Autopore II 9220. Analyses were carried out by ICI for both methods 
and in each case conditions were decided by ICI personnel. 
2.2.11 Catalytic Testing 
2.2.11.1 Introduction 
As has been described in Chapter 1, one of the main uses for ZSM-5 
is in reactions of C8 aromatics. Such reactions can be used to 
characterise the activity and selectivity of potential catalysts. 
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2.2.11.2 Instrumentation and Conditions 
Facilities for reactions in catalytic microreactors were provided by 
ICI. These were of an "in house" design. New stainless steel reactor 
tubes were supplied; these held approximately ig of catalyst. A 
heating block fitted around the reactor tube and the temperature was 
monitored by a thermocouple within this block. The sample feed was 
supplied via an HPLC pump (Gilson model 302) and passed firstly 
through a vaporiser set at 190°C and then the reactor. Feed rates 
and the reactor temperature were varied during e"h run as reported 
in Chapter 5. All runs were carried out at atmospheric pressure. 
Detection was via a gas chromatograph system (Pye Unicam GCD 
chromatograph) using a flame ionisation detector. The detector 
temperature was 190°C. 
2.2.12 Attrition Testing 
Product strength was tested by attrition. A weight of ig of 
pre-sieved (100 mesh ASTN) pseudomorphic sample was placed in a 
small glass vial (of diameter -lcm and length -4cm) with a steel 
ball bearing. This was then rotated end-over-end at a speed of 30rpm 
for 2 hours. The material was then resieved through the 100 mesh 
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Figure 2.3 Schematic Diagram of Purpose-built Soxhiet Synthesis 
Apparatus 
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Figure 2.4 Modifications to Soxhiet Synthesis Apparatus 
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Relative dimensions (length, width, depth) vary with synthesis 
mixture and reaction conditions. 
Figure 2.5 Diagrammatic Representation of the Typical Morphology of 
ZSM-5 Crystals 
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Figure 2.7 N2 Adsorption Isotherm Classification (BDDT Classification) 
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CHAPTER 3 
SYNTHESIS OF GEL PARTICLE SILICALITE 
3.1 Introduction 
The work previously carried out on gel particle silicalite 
(GPS)( 124 ) was described in Section 1.8. Franklin and Lowe showed 
that pseudomorphic transformation of silica gel particles to produce 
aggregates of silicalite-1 was possible, and investigated some of 
the synthesis variables and product characteristics. The shortest 
reaction time used was 24 hours, at which time crystallisation was 
found to be essentially complete. However, even with synthesis times 
of 10 days 100% crystallinity was never seen. 
This chapter describes further investigations carried out over 
shorter reaction times; the objective being to determine the 
mechanism of the pseudomorphic transformation. A variety of methods 
designed to produce stronger pseudomorphs are also described and 
their products discussed. The information thus obtained enables 
greater insight to be used in the selection of conditions for the 
synthesis of zeolitic (ZSM-5) pseudomorphs, which will be discussed 
in Chapter 4. 
3.2 Experimental 
Syntheses were carried out in stirred autoclaves, using standard 
reagents and conditions, as described in Section 2.1. After washing 
and drying at 100°C,' each product was sieved through a 100 mesh ASTN 
sieve. Subsequent analyses were carried out on the coarser aggregate 
fraction unless otherwise stated. 
The main techniques used were X-ray powder diffraction, fines 
measurement and scanning electron microscopy. Products were also 
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examined by hot stage microscopy (HSM). Franklin and Lowe(124) 
observed that on heating GPS underwent violent movement accompanied 
by loud crackling noises; they attributed this to the sudden release 
of water and organic decomposition products. It was hoped that a 
correlation might be established between these occurrences and 
particle morphology or synthesis time. 
3.3 Investigation of Short Synthesis Times 
3.3.1 Aims 
The main objective of these reactions was to study the mechanism of 
GPS formation over the first 24 hours of synthesis. This part of the 
reaction had not been studied in previous work(124) although it had 
been postulated that rapid formation of the crust was fundamental to 
synthesis of the pseudomorphs. 
3.3.2 Results and Discussion 
A series of reactions were carried out with the composition: 
20 Si02 . 2 TPABr . 10 PIPZ . 1000 H20 
where TPABr = tetrapropylammoniuin bromide and PIPZ = piperazine. 
Synthesis times were 2, 4, 6, 8, 10, 12, and 24 hours. Reactions 
were carried out at 150°C and with a stirring speed of 50rpm. 
Silicalite-1 was the only crystalline product and the XPPD trace for 
the 24 hour product is shown in Figure 3.1. Results for all products 
are shown in Table 3.1 and Figures 3.2 and 3.3. Over the 24 hour 
period three main trends can be observed in the data shown in Table 
3.1. Firstly, the proportion of fines in each product increases with 
synthesis time at a rate which is greatest over the first 6 hours of 
synthesis and then levels off slightly. Aggregate crystallinity, as 
measured by XRPD, also increases throughout the 24 hours, to reach a 
maximum of 36%. The highest rate of crystallisation is observed 
during the early part of the reaction, immediately after the initial 
nucleation period. Values for QF, as defined in Chapter 2, approach 
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unity as the reaction proceeds. The observed trends for both 
crystallinity and fines support a crystallisation mechanism in which 
the initially rapid crystallisation of the particle exterior is 
succeeded by the slower crystallisation of the interior of the 
particles. The reduction in the rate of crystallisation as the 
reaction proceeds can be explained in terms of the availability of 
TPABr and PIPZ. Plentiful supplies will be available for 
crystallisation of the particle surfaces, enabling large numbers of 
nuclei to form and grow rapidly, but the requirement for diffusion 
into the particles reduces the rate at which nutrients are supplied 
and consequently restricts both nucleation and further 
crystallisation within the particles. 	 - 
The crystallinities discussed above were for the aggregate portions 
of the products only, but if the crystallinity of the fines fraction 
is known then changes in the crystallinity of the entire product can 
also be followed. XRPD analyses of the fines fraction indi'ate that 
it is essentially 100% crystalline. Overall product crystallinities 
can thus be calculated ac shown in Table 3.2. Again, after the 
initial delay associated with nucleation, crystallisation is seen to 
be most rapid during the early part of the synthesis. The maximum 
crystallinity, for product A7, is around 61%. Figure 3.2 shows the 
way in which a variety of characteristics, including both aggregate 
and overall crystallinity measurements, % associated fines and % 
break-up during attrition measurements vary with synthesis time. The 
rate at which the crystallinity values and, to a lesser extent, the 
fines content increase is greatest during the early part of the 
reaction but particle break-up during attrition measurements follows 
a different trend. The degree of disintegration gives an estimate-of 
product -strength and is seen to be essentially constant over the 
first 6 hours of synthesis, after which time the degree of particle 
break-up increases with increased reaction time (i.e. with increased 
crystallinity). In Figure 3.3 the variation of the proportion of 
fines with both aggregate and overall crystallinity measurements is 
shown. For overall crystallinity this relationship is essentially 
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linear. The ratio of aggregate crystallinity to fines appears to 
increase with increasing crystallinity although, as reflected by QF 
values (Table 3.1), these changes are small. The low quality 
factors for these products reflect the scope for product 
improvement. 
Optical microscopy showed only the conversion of amorphous irregular 
particles to slightly more rounded ones of increased crystallinity. 
SEM analysis enabled more specific observations and the results are 
summarised in Table 3.3 and Figure 3.4. At the shortest synthesis 
time (2 hours) very small surface crystals were already visible but 
internal crystallisation and crust formation were not seen until a 
synthesis time of 6 hours was reached. At this time, surface 
crystallisation was essentially, complete. The results for attrition 
testing of these products indicate that increased particle weakness 
is associated with the degree of crystallisation of the particle 
interior. Plate 1 shows the morphology of the 24 hour product. 
The behaviour of the products on the hot stage microscope (HSM) is 
summarised in Table 3.4. It should be noted that measurement of 
activity is subjective. As had been noted by Franklin and Lowe(12 4 ), 
the particles moved violently during the heating process, due to the 
release of water and organic decomposition products. The temperature 
range over which observations were made was 20-2200C. No samples 
showed any activity at temperatures below 80°C and the range of 
temperatures over which observations were made was divided into 
three further sections: 80-1200C, 120-1700C, and 170-2200C. Over the 
80-120°C range the observed activity must be due to water while at 
higher temperatures release of organic decomposition products may 
also be significant. Pseudomorphs showed activity only over the 
temperature ranges 80-120°C and 170-200°C. Products from reactions 
of 2-6 hours duration were active over the lower temperature range; 
for synthesis times of 8-10 hours activity was seen over both 
temperature ranges; and the products of 12-24 hour reactions were 
active only in the 170-220°C range. Movement in the range 80-120°C 
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is therefore seen to be associated with the products of lowest 
crystallinity (and correspondingly the highest proportion of 
amorphous gel) while at higher levels of crystallinity, and 
particularly when crystallisation of the particle interiors has 
occurred, the temperature of the observed activity increases to 
170-220°C. This can be attributed to the presence of the tightly 
packed and intergrown crystals of the crust as well as to the 
crystallisation of the interior of the gel particles during the 
latter part of the synthesis time (after 6 hours). 
It appears that fines production cannot be directly linked to any 
one of the three mechanisms suggested in Chapter 1 but originates, 
as might be expected, in a variety of ways. Particle stabilisation 
by the intergrown crust is reflected by the reduced rate of fines 
production during the later hours of crystallisation although 
continued crystallisation results in particle weakening, as is 
reflected by the attrition measurements. Close packing of surface 
crystals, as shown in Plate 1, appears to prevent further growth 
when the crystals reach 1-2)am in length. This feature also makes 
measurement of crystal sizes difficult. 
3.3.3 Conclusions 
The mechanism by which these structures are formed involves, as 
previously postulated, rapid crust formation with subsequent 
crystallisation of the particle interiors. It is thought that 
intergrowth and close packing of surface crystals causes the 
limitation to the size of these crystals which is shown in Figure 
3.4. Production of fines appears to involve a combination of several 
mechanisms, but is reduced when the particle is protected by a 
crystalline crust. Particle break-up is apparently related to 
crystallisation within the particles and can probably be attributed 
to the production of voids within the pseudomorphs during 
crystallisation of silicalite-1. The latter has a density which is 
higher than that of amorphous silica(124), and hence the formation 
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of void space is inevitable. 
3.4 Modifications to Standard Synthesis Method 
3.4.1 Egging-in of TPABr 
3.4.1.1 Aims 
Surface crystallisation and crust formation occur in the first 6-8 
hours of standard GPS synthesis. Crust formation appears to be an 
essential condition for pseudomorph formation and it was argued that 
conditions should be altered to favour more rapid surface 
crystallisation. This should result in reduced competition between 
dissolution and surface crystallisation, enabling the formation of a 
stronger crust and therefore a stronger particle. The quantity of 
fines originating from particle break-up and attrition during the 
synthesis should also be lower,' giving higher quality factors. If 
the crust is sufficiently strengthened then a reduction in the 
break-up of particles during attrition testing may also result. 
3.4.1.2 Method 
All reagents except the TPABr were heated to reaction temperature in 
an autoclave and maintained for two hours under the reaction 
conditions described in Section 2.1.1. The vessel sampler was then 
disconnected at point A, as shown in Figure 2.1, and replaced by an 
'egging vessel', specifically designed to allow addition of reagents 
whilst the autoclave is under pressure. At 1500C the pressure within 
the autoclave is around 4 atmospheres so the other end of the egging 
vessel was connected to a nitrogen cylinder which supplied a higher 
pressure of 10 atmospheres. With the tap between the egging vessel 
and the reactor remaining closed, the TPABr solution was poured into 
the egging vessel which was then connected to the nitrogen cylinder. 
With 10 atmospheres pressure in this 'external circuit', the tap 
between the reservoir and the reactor was then opened, forcing the 
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solution into the autoclave. The tap was then reclosed and all 
apparatus for TPABr addition removed. The reaction could then be 
continued for the desired time. This resulted in a pressure of 
around 8 atmospheres in the reaction vessel. Excess pressure was 
released at the completion of synthesis after the autoclave had 
cooled. Synthesis times were measured from the time of TPABr 
addition. 
3.4.1.3 Results and Discussion 
Results are given in Table 3.5. Synthesis times were again 2, 4, 6, 
8, 10, 12 and 24 hours. At face value, it appears that the desired 
reduction in fines has been achieved, resulting in high QF values, 
although the measured crystallinities are rather low. On completion 
of each synthesis, however, it was noted that the sides and base of 
the autoclave were coated with solid material to a depth of around 
3-4mm. Removal of this material was difficult and it was not 
included in the product. Its appearance suggested that it was 
composed almost entirely of fines. The weights of material 
(uncalcined) recovered from these reactions varied between 14.5 and 
19.5g while for the standard reactions described in Section 3.3, 
product weights were of the order 18-20g. The apparently low results 
for both crystallinity and fines are thought to be associated with 
this phenomenon. 
To determine whether this deposition of material was caused by the 
synthesis method itself or by the increased pressure within the 
vessel, two further reactions were carried out. In the first of 
these the standard GPS synthesis method was followed, but the 
pressure was increased to 8 atmospheres when the system reached 
1500C. The second involved egging in of TPABr, as described above, 
but the excess pressure was immediately released to allow synthesis 
under autogenous conditions. In this way the cause of the observed 
effects could be identified as either the delayed addition of TPABr 
to the system or the increased pressure. Results are given in Table 
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3.6 and support the theory that the deposition of material on the 
vessel walls was due to the increased pressure. This is a quite 
remarkable result and difficult to explain. 
The morphologies of the products from reactions B1-B7 were examined 
by SEN. The structures are essentially equivalent to those produced 
by the standard synthesis method, the only differences observed 
being .a rather more random packing of the surface crystals and a 
slight reduction in crystal size. Both effects can be explained by 
the increased nucleation expected when this method is used. The 
degree of break-up of these products increased less rapidly than for 
the "standard" reactions described in Section 3.3, but this was 
thought to be related to the higher crystallinities of the latter 
rather than to differences in the essential morphology of 
pseudomorphs synthesised by the two methods. 
During the 'equilibration' time prior to TPABr addition, it is 
possible that the extent of silica dissolution is greater than is 
required for local supersaturation and silicalite crystallisation. 
Increased production of fines could then result from nucleation and 
crystallisation which is not associated with the gel particles. 
Further, the addition of cold reagent solution may result in 
localised deposition or crystallisation of silica, not associated 
with the gel particles. This would also affect the reaction in which 
the pressure was released immediately subsequent to TPABr addition 
and which also gave a high proportion of fines. 
3.4.1.4 Conclusions 
The synthetic advantages predicted for this method were not seen. 
Apparently favourable results were found to be associated with 
effects related to the increased pressure rather than the synthesis 
method itself. When the excess pressure was immediately released 
(reaction B9) the results were slightly worse than those from the 
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standard GPS procedure. Hence this synthesis procedure, which is in 
any case more complex than the standard one, was rejected. 
3.4.2 Preimpregnation of Gel with Reagents 
3.4.2.1 Aims 
A major feature of GPS synthesis is the size of the reagent silica 
particles, which defines the characteristic nature of the products 
and also causes reagent diffusion into the particles to be a very 
significant consideration during crystallisation. Hence attempts to 
alter the diffusion conditions to favour improved GP synthesis were 
made and are now described. 
As crystallisation proceeds, the relative ease of nucleation and 
growth on the particle surfaces, where reagents (TPABr and PIPZ) are 
in plentiful supply, will result in the restriction of diffusion of 
these reagents into the particles. This effect is thought to explain 
the delay before internal crystals are seen in the products of 
standard GPS syntheses. Furthermore, during the later stages of 
crystallisation, the formation of the tight crust will also restrict 
the inward diffusion of the reagents. Hence it was argued that 
preimpregnation of the gel particles with reagent solutions should 
be investigated. Although it was likely that redistribution of 
reagents on immersion of the loaded gel in the reagent solution 
would be rapid, it was considered that even a slight increase in the 
concentration of reagents in the particles would result in improved 
internal crystallisation. 
3.4.2.2 Method 
An incipient wetness technique was used for impregnation of the gel 
particles. The quantity of solution required for the gel to appear 
just wet was determined by weighing successive small quantities of 
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water into a plastic bottle containing a weighed sample of silica 
gel. After each addition the bottle was sealed and shaken well and 
if the gel appeared dry then the procedure was repeated. When the 
gel appeared to be just wet after standing for a period of 2 hours, 
no further additions of water were made. The required ratio of 
liquid to solid was thus determined as 0.76g g - ' and this was used 
for all subsequent impregnations. 
A reagent solution of the required concentration was made up and 
weighed into a plastic bottle containing the pre-sieved silica gel. 
The bottle was then sealed, shaken to ensure thorough mixing and 
left at room temperature for two hours. At intervals during this 
aging time the bottle was again shaken. The impregnated gel was then 
used as the source of silica in a reaction mixture with the 
composition: 
20 Si02 . 2 TPABr . 10 PIPZ . 1000 H20 
It should be noted that this composition does not include the 
reagents impregnated into the gel. The overall composition of each 
system is therefore dependent upon the identity and concentration of 
impregnated reagents. 
Synthesis times were chosen to be representative of significant 
stages in standard GPS crystallisation. Six hours corresponds to 
essentially complete crust formation with a minimum of associated 
internal crystallisation, while 24 hours was the maximum synthesis 
time investigated. Impregnation solutions contained either TPABr, 
PIPZ or both components and were of the concentration used in the 
reaction mixture (standard concentration), or saturated solutions. 
Results are shown in Table 3.7. 
3.4.2.3 Results and Discussion 
The crystallinities of all 6 hour pre-impregnated products are 
essentially the same as that of the 6 hour standard GPS product 
(A3). Variation in the proportions of associated fines are reflected 
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in the quality factors. For both standard and saturated impregnation 
solutions the proportion of fines increases in the order: 
PIPZ+TPABr < TPABr < PIPZ 
Surprisingly, this effect is more pronounced for impregnation 
solutions of standard concentration than for saturated solutions. 
The most startling result was seen for gel pre-impregnated with a 
standard solution of TPABr+PIPZ (C3). This corresponds to 
pre-impregnation with the reagent solution and had originally been 
intended as a 'blank' with which other results could be compared. 
The reaction was repeated to ensure that the result was genuine. 
Measurements for both fines (0.9%) and crystallinity (7%) were 
essentially consistent with the previous values. Values for the % 
break-up of these products during attrition testing are also shown 
in Table 3.7 and it can be seen that the degree of disintegration of 
the impregnated products (2.2 - 5.6%) is similar to that of product 
A3 (4.4%). The low variation among these results is not surprising 
as internal crystallisation, which is thought to be the main cause 
of particle weakening, should not have occurred to any substantial 
extent at this stage of the reaction. After 24 hours, impregnation 
resulted in products of higher crystallinity than that produced by 
the standard GPS method (A7), but as the proportion of fines 
increased correspondingly there was little change in the QF values. 
The proportion of aggregate break-up during attrition testing also 
increased in line with product crystallinity. 
When particle morphologies were studied by SEM the most obvious 
feature was the high degree of surface cracking seen for PIPZ 
pre-impregnated products. Plate 2 shows two 6 hour products, one of 
which was prepared by the standard method while the other was 
pre-impregnated with a solution of PIPZ. Cracking is seen not only 
at the corners and edges of the particles pre-impregnated with PIPZ 
but also across the particle faces. Patches could also be seen where 
fragments of crust had flaked off. The products which had been 
pre-impregnated with other reagent solutions generally resembled 
those produced by the standard synthesis method. The 24 hour 
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synthesis for gel pre-impregnated with both reagents (C9) was the 
only exception, resulting in a product substantially cracked and 
holed. Within the particles of this product, larger crystals of 6-8 
,pm were also seen. These were single or occasionally twinned 
crystals and were very platy with rounded ends, as can be seen in 
Plate 2. The internal structures of other 24 hour products were not 
studied. 
Both saturated and standard impregnation solutions were used in 6 
hour syntheses. Comparison of the product morphologies which 
resulted from impregnation with each type of solution revealed 
little apparent difference, although the surface did appear slightly 
more crystalline when saturated solutions were used. This effect may 
be associated with an increase in the rate of nucleation and crystal 
growth due to the increased reagent concentration. After 24 hours 
the amount of fines for products pre-impregnated with different 
reagent solutions appears to be directly related to the product 
crystallinity, as does the degree of attrition. Crystallinity was 
the only factor required to explain the observed results. 
Pre-equilibration causes more than a slight perturbation of the 
equilibrium distribution of reagents in the early stages of 
synthesis. This must be particularly important when the gel has been 
impregnated with the reagent solution itself. During the 2 hour 
period for which the impregnated gel was kept at room temperature 
prior to reaction chemical changes are likely to occur within the 
gel particles. As the pH of the impregnated solution increases, 
silica solubility will also increase, and any effects associated 
with aging will correspondingly become more apparent. If significant 
gel rearrangement occurs during this period then redistribution of 
reagents when the gel is added to the reagent solution may be 
prevented or retarded. The pH values of the three solutions of 
standard concentration are: 
PIPZ 	: 11.99 
TPABr : 6.97 
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PIPZ+TPABr : 11.89 
Partial explanation of the results for the pre-impregnated products 
may be possible by analysis of the characteristics of the 
impregnation solutions. It can be postulated that the high pH 
associated with pre-impregnation of the gel with a piperazine 
solution will enable increased internal dissolution and bond 
rearrangement within the silica particles, but without the presence 
of TPABr recrystallisation to silicalite-1 will not be possible. 
Such procedures could result in the production of increased void 
space within the particles, and this would weaken the structure and 
increase disintegration into fines even before a substantial degree 
of internal crystallisation occurs. TPABr alone is not sufficiently 
alkaline to increase the dissolution of the silica and will 
therefore have little effect. Only when both components are present 
will an advantageous situation result, as both increased dissolution 
and increased crystallisation can occur. The benefits of this 
situation are reflected by the improved quality factor seen for the 
product (C3). When the more concentrated solution is used (C6) the 
alkalinity may be such that increased particle break-up again 
results. 
CHN analysis of these products was carried out and the results are 
given in Table 3.8. Ideally, silicalite contains 4 molecules of TPA 
per unit cell. This gives a C/N ratio of 12 and a H/C ratio of 2.333 
but it should be noted that the value for H/C is almost always 
>2.333 because of water associated with the products. This effect 
will be particularly apparent where amorphous gel is present. The 
C/N ratio of PIPZ is 2. Table 3.8 shows results for impregnated 
products and standard GPS syntheses of 6 and 24 hour synthesis 
times. The C/N ratios of the 6 hour samples are all between 3.5 and 
5.0, while those for products synthesised over 24 hours are in the 
range 6.3 to 9.6. While TPA will be the predominant void filler in 
the silicalite structure, it can be postulated that both TPA and 
PIPZ may be associated with the amorphous portion of pseudomorphic 
products. Incomplete crystallisation can therefore supply at least a 
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partial explanation for C/N values which are lower than ideal. For 
samples taken after reaction times of 6h, which are all of similar 
crystallinity, values are highest when the gel was pre-impregnated 
with TPABr and lowest when it was pre-impregnated with PIPZ. It is 
thus the composition of the impregnation solution rather than the 
sample crystallinity which appears to be influential, supporting the 
theory that reagents are retained within the gel during the early 
hours of reaction. After 24 hours this effect is no longer seen, and 
trends in C/N values simply reflect crystallinity measurements. HSM 
results, as reported in Table 3.9, provided little useful 
information. The activity of products from pre-impregnated gels was 
generally greater than that for standard GP products but there was 
no clear difference between the 6 hour and 24 hour products and no 
clear trends were identified. 
3.4.2.4 Conclusions 
Gel pre-impregnation is clearly effective in altering reagent 
distribution during the first 6 hours of these reactions. The 
results appear to be influenced by both aging and synthesis 
phenomena. CHN analysis confirms that some retention of impregnated 
reagents occurs during at least the first 6 hours of synthesis. At 
this point in the reaction the best results were obtained when the 
gel was pre-impregnated with a solution that contained both TPABr 
and PIPZ while after 24 hours the primary effect of the impregnation 
solution was on the degree of aggregate crystallinity. No obvious 
changes in the relationship between crystallinity and either fines 
or attrition could be detected. The benefits of pre-impregnation 
with TPA+PIPZ do not, therefore, appear to reduce the structural 
weakening of the products due to crysallisation of the interior. It 
seems, therefore, that while pseudomorph formation benefits from gel 
pre-impregnation over the first 6 hours of synthesis, this is 
outweighed, as crystallisation proceeds, by product weakening as a 
result of internal crystallisation. That this is the primary cause 
of fines production is suggested by the direct relationship observed 
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here. Extension of the impregnation technique to include the use of 
a structural component of the molecular sieve framework (e.g. silica 
sol or, for zeolites, an aluminium source) might be beneficial in 
reducing the proportion of void space created within the particles 
during crystallisation. 
3.5 General Conclusions 
The results discussed in this chapter confirm that the mechanism by 
which GPS forms involves nucleation and crystallisation on the gel 
surface followed by further crystallisation within the crusted 
particles They also show that the synthesis conditions can be 
altered to improve the product quality. However, the addition of 
TPABr after the other reagents had reached reaction temperature did 
not improve product quality. Increased pressure during these 
reactions caused fines to coat out onto the autoclave walls by a 
mechanism which has not been fully explained. Initially it was 
thought that it might be associated with cooling effects but the 
high proportion of fines associated with product B9, in which egging 
in of the cold TPABr solution was immediately followed by the 
release of the associated extra pressure, showed that this is not 
the explanation for the observed results. Pre-impregnation of the 
silica gel with reagent solutions was a more successful adaptation 
of GPS synthesis, particularly during the early hours of synthesis. 
The mechanism of gel pre-impregnation effects has been identified as 
an alteration of intra-particle reagent concentrations during at 
least the first 6 hours of reaction. As the pseudomorph 
crystallinity increased, however, the weakening of the particles, 
associated with crystallisation of the particle interior, became the 
primary consideration, and the benefits of pre-impregnation were 
substantially reduced. Pre-impregnation was the most successful of 
the methods discussed here. Its potential for aluminium 
incorporation was considered to be particularly important and is 
discussed further in Chapter 4. It is possible that impregnation 
with Si or Al containing components might result in increased 
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benefits as the presence of additional structural elements should 
result in a lower proportion of void space within the products. 
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Table 3.1 Results for GPS Syntheses with Reaction Times of 2 - 24 
Hours 
Run Synthesis Final Quality Attrition 
No Time/h pH Crystallinity Fines Factor % break-up 
Al 2 - 0 0.8 0 3.9 
A2 4 11.123 5 15.0 0.3 3.4 
A3 6 - 11 31.1 0.4 4.1 
A4 8 11.123 15 26.7 0.6 9.3 
A5 10 11.090 18 34.4 0.5 8.6 
A6 12 11.139 26 30.0 0.9 12.0 
A7 24 - 36 39.8 0.9 27.3 
Table 3.2 Calculation of Overall Crystallinities for Standard Gel 
Particle Products 
Run Reaction Fines Coarse Overall 
No Time/h %Fines %Cryst. %Coarse %Cryst. %Cryst. 
- 0 0 - 100 0 0 
Al 2 0.8 100 99.2 0 0.8 
A2 1 15.0 100 85.0 5 19.3 
A3 6 31.1 100 68.9 11 38.7 
A4 8 26.7 100 73.3 15 37.7 
A5 10 34.4 100 65.6 18 46.2 
A6 12 30.0 100 70.0 26 48.2 
A7 24 39.8 100 60.2 36 61.5 
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Table 3.3 GPS Morphology for Synthesis Times of 2-24 Hours 
Run Synthesis 	External 	Crust 	Internal 
No Time/hours Crystals/)um Formed Crystals /Jun 
- 0 - - - 
Al 2 <<1 - - 
A2 4 <1 - - 
A3 6 1 x 
A4 8 1-2 x 
A5 10 1-2 x 3-4 
A6 12 1-2 x 
A7 24 1-2 x 6-8 
- = feature cannot be identified 
x = feature is present 
Table 3.4 Results for Analysis of Standard Gel Particle Products by 
Hot Stage Microscopy 
Run Synthesis Observed Activity 
No time/h 80-120°C 	120-1700C 170-220°C 
Al 2 x o o 
A2 4 o o o 
A3 6 xx o o 
A4 8 x o xxx 
A5 10 xx o x 
A6 12 o o xxx 
A7 24 o o x 
o = no activity 
x = slight activity 
xx = medium activiy 
xxx = strong activity 
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Table 3.5 Results for Syntheses with Egging—in of TPABr 
Run Synthesis Final 	 Quality Attrition 
No 	Time/h 	pH Crystallinity Fines 	Factor % break—up 
Bi 	2 	11.521 	0 	 <1 	0 	3.5 
B2 4 11.527 2 1.8 1.1 3.3 
B3 	6 	- 	 4 	0.9 	4 	3.6 
B4 8 11.386 7 11 6 4.7 
B5 	10 	11.292 	9 	0.9 	10 	6.2 
B6 12 11.330 13 2.1 6 9.6 
B7 	24 	11.356 	29 	0.6 	48 	22.8 
Table 3.6 Results for Investigation into the Effects of Pressure and 
Egging—in. 
Nun 	TPABr Pressure in Time 	% 	% 	Vessel 	Weight 
No 	egged-in vessel/ate 	(h) 	Crystallinity Fines' coated recovered/g 
B8 	No 	8 	24 	30 	0.6 	Yes 	17,52 
B9 Yes 4 24 35 48.3 No 19.57 
* relates only to fines present nithin the filterable product (i.e. does not 
include material on the vessel walls) 
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Table 3.7 Results for Syntheses involving Gel Pre-impregnation 
Run Component 	Solution 	Synthesis 	% 	% 	quality Attrition 
no 	impregnated 	concentration time Cryst Fines factor % break-up 
Cl PIP1 standard 6 7 29.3 0.2 4.1 
Cl TPABr standard 6 7 15.2 0.5 3.7 
C3 nixture standard 6 8 1.2 6.7 3.8 
C4 PIP1 saturated 6 7 13.1 0.5 2.5 
C5 7PABr saturated 6 9 12.6 0.7 5.6 
C6 mixture saturated 6 10 7.4 1.4 212 
A3 none - 6 11 31.1 0.4 4.1 
C7 PIP1 standard 24 40 45.9 0.9 28.6 
C8 TPABr standard 24 60 64.9 0.9 41.5 
C9 mixture standard 24 51 46.4 1.1 36.0 
A7 none - 24 28 39.8 0.7 27.3 
Table 3.8 CHN Results for Products Synthesised by Pre-impregnation 
Method 
Run Synthesis 
No time/h %C %H %N •C/N H/C Crystallinity 
A3 6 3.2 1.1 1.0 3.7 4.1 11 
Cl 6 3.0 1.0 1.0 3.5 4.0 7 
C2 6 3.4 1.1 0.8 5.0 3.9 7 
C3 6 3.2 1.0 1.0 3.7 3.8 8 
CA 6 3.1 1.0 1.1 3.3 3.9 7 
C5 6 3.9 1.2 1.0 4.5 3.7 9 
A7 24 5.4 1.5 1.0 6.3 3.3 36 
C7 24 5.4 1.4 0.9 7.0 3.1 40 
C8 24 6.6 1.5 0.8 9.6 2.7 60 
C9 24 6.2 1.6 1.0 7.2 3.1 51 
PAGE 107 
Table 3.9 Results for Analysis by Hot Stage Microscopy 
Run Synthesis Synthesis HSM Results / oC 
No method time/h 80-120 120-170 170-220 
A3 1 6 xx o o 
A7 1 24 o o x 
Cl 2 6 o o xx 
C7 2 24 x x xxx 
C2 3 6 x x xxx 
CO 3 24 o x xxx 
C3 4 6 x o xx 
C9 4 24 o x o 
C4 5 6 xx o xxx 
C5 6 6 x xx xx 
C6 7 6 o x o 
1 = synthesis by standard GPS method 
2 = preimpregnation with standard concentration PIPZ 
3 = preimpregnation with standard concentration TPABr 
4 = preimpregnation with standard concentration TPABr+PIPZ 
5 = preimpregnation with saturated PIPZ 
6 = preimpregnation with saturated TPABr 
7 = preimpregnatiori with saturated TPABr+PIPZ 
0 = no movement 
x = slight movement 
xx = medium movement 
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PLATE 1 MICROGRAPHS OF 24 HOUR STANDARD SILICALITE-1 PRODUCT 
A : Product A7, overall particle morphology. Magnification x 150. 
B Product A7, tightly packed crystalline surface. Magnification x 
10000. 
C : Product A7, larger internal crystals. Magnification x 5000. 
D : Product A7, broken fragment of crust showing both large and 
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PLATE 2 MICROGRAPHS OF SILICALITE PRODUCTS PREPARED BY STANDARD 
METHOD OR FROM PPE-.IMPREGNATED GEL 
A Product A3, synthesised by standard method, synthesis time = 6 
hours. Overall morphology of particles. Magnification x 300. 
B : Product A3, synthesised by standard method, synthesis time = 6 
hours. Surface crystals. Magnification x 20000. 
C : Product Cl, pre-impregnated with piperazine solution, synthesis 
time = 6 hours. Overall particle morphology. Magnification x 300. 
D : Product Cl, pre-impregnated with piperazine solution, synthesis 
time = 6 hours. Larger crystals within surface crack. Magnification 
x 20000. 
E : Product C9, pre-impregnated with both reagents, synthesis time = 
24 hours. Overall particle morphology. Magnification x 309. 
F : Product C9, pre-impregnated with both reagents, synthesis time = 
24 hours. Larger crystals within surface crack. Magnification x 
5080. 
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APPLICATION OF THE GEL PARTICLE SYNTHESIS METHOD TO ZSM-5 SYSTEMS 
4.1 Introduction 
The primary aim of the work described in this chapter was to 
establish whether the method used in the preparation of gel particle 
silicalite could be adapted for the synthesis of pseudomorphic 
aggregates of ZSM-5 crystals, suitable for use as catalysts. 
In the synthesis of ZSM-5 a reactive alumina source is included 
among the reagents. Sodium aluminate is often used, freshly prepared 
by the addition of aluminium to a solution of sodium hydroxide. The 
pH of the resulting reaction mixture is, in general, so high that 
extreme dissolution of the silica occurs, preventing pseudomorphic 
transformation of the particles. In the reactions described below it 
was therefore necessary either to make use of alternative sources of 
aluminium and base, or to alter the reaction conditions so as to 
favour the formation of pseudomorphs. 
4.2 Synthesis of ZSM-5 Reference Samples 
4.2.1 Aims 
The aim of these syntheses was to provide reference samples of ZSM-5 
for comparison with gel particle ZSM-5 products. In particular it 
was hoped that effects due to the incorporation of aluminium would 
be distinguished from those due to the GP synthesis procedure. 
4.2.2 Method 
The reagent mixtures had the composition: 
20 Si02 . 2y Al(NO3)3 	2 TPABr . 10 PIPZ . 1000 H2O 
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where 0 < y < 0.33. For these experiments the silica source was 
Cab-O-Sil M5 from BDH Ltd. Analar grade aluminium nitrate (BDH Ltd) 
was used and the other reagents were as described in Chapter 2. This 
reagent mixture corresponds with that used in the pre-impregnation 
reactions described in Section 3.4.2.3. 
The preparation of reagent gels was as follows. The aluminium 
nitrate was dissolved in the distilled water to give an aqueous 
solution to which the TPABr and PIPZ were also added and dissolved. 
The Cab-O-Sil was weighed into a 1 litre plastic bottle, the aqueous 
reagent solution added and the mixture stirred to produce a 
homogeneous gel. The total weight of reagents was 350g. 
The syntheses were carried out in stirred autoclaves at 150°C under 
autogeneous pressure. A stirring speed of 300rpm was used. The 
products were filtered off, washed with distilled water and dried at 
110°C. No sieving of these materials was required. Other analyses 
were carried out as described in Chapter 2. 
4.2.3 Results and Discussion 
Eight separate syntheses were carried out, with S102/A1203 ratios of 
between co and 60. Samples were taken from the reaction vessels 
during these syntheses; their pH values (measured at room 
temperature) are given in Table 4.1 and the pH profiles are shown in 
Figure 4.1. With the exception of reaction D8 (Si02/Al2O3 = 60), the 
pH of the initial reagent mixture decreased with increasing 
aluminium content. For reactions D1-D5 (Si02/A1203 between co and 
120), rapid crystallisation is reflected by the initial rapid 
decrease in pH. This is followed by a levelling off or even a slight 
increase when crystallisation is complete. Of the three mixtures 
with high aluminium contents (D6,D7,D8), complete crystallisation 
was seen only for D6 (Si02/A1203 = 90). The products from reactions 
D7 and D8 (Si02/Al203 = 74 and 60 respectively) showed substantial 
amorphous character even after crystallisation times of 13-15 days. 
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Product crystallinities were determined by several methods which 
were based on either XRPD or TG analysis. XRPD analysis was carried 
out on the "as synthesised" products, on the same materials after 
calcination overnight at 5500C and again after a further calcination 
at 8000C for one hour. The results are given in Table 4.2. All three 
measurements give similar results and in each case a clear division 
is evident between the highly crystalline products D1-D6 
(silica/alumina ratio of 90 or greater) and products D7 and D8 which 
show only a low degree of crystallinity. As XRPD measurements can be 
affected by factors such as crystal size and moisture content, 
thermal analysis results were also used to estimate product 
crystallinities. This procedure involves comparison of the sample 
weight losses during TPA decomposition with that for an ideal 
TPA-silicalite, as described in Section 2.2.7. Figure 4.2 shows the 
TG and DTA traces for products D5 and D7, synthesised from reaction 
mixtures of Si02/A1203 = 120 and 74 respectively. While the results 
for D5 are typical of those for a well crystallised sample of ZSM-5, 
the traces obtained for D7 are dominated by weight losses associated 
with the water content of the amorphous silica. Hence for D7, the 
weight loss over the temperature range 350-6000C(132) cannot. all be 
ascribed to TPA occluded in the zeolite crystals. For this reason, 
two weight ranges have been used in crystallinity determinations, 
350-600°C as previously discussed(132) and 380-5200C. The latter 
temperature range was determined from the DTA traces and covers the 
range over which template decomposition dominates weight losses. Use 
of this narrow range minimises the contribution of the water loss, 
although this cannot be entirely eliminated. The results given in 
Table 4.2 cover two methods of crystallinity estimation for each of 
these temperature ranges. The first is the straightforward 
comparison of % weight loss for each sample with that of the ideal 
structure. However, in this method no allowance is made for the 
contribution of water associated with amorphous gel to the overall 
weight loss which, for pseudomorphic products, could result in 
significant errors. The second set of results was calculated from 
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weight loss as a proportion of the residual weight when analysis was 
complete, and the associated error should therefore be smaller. The 
values for % crystallinity vary according to the method used, but 
all four sets of results show similar trends. Comparison of results 
measured over the two temperature ranges confirms that as 
crystallinity decreases the influence of "background' water loss 
becomes greater. The results considered to be most accurate are 
those measured over the smaller temperature range (380-520°C) and 
calculated from weight loss as a function of residual weight. 
Products D1-D4 are essentially fully crystalline, the 
crystallinities for D5 and D6 are slightly lower (93% and 88%), and 
D7 and D8 are only 30% and 33% crystalline respectively. For highly 
crystalline samples TG and XRPD analyses give similar results but as 
the level of crystallinity drops discrepancies between the results 
become greater. 
Results for CHN analysis of these samples are given in Table 4.3. As 
discussed in Section 3.4.2.3 , H/C values are expected to be higher 
than the ideal value of 2.333 due to the presence of water in the 
samples, particularly those of low crystallinity. As both PIPZ and 
TPA may be present in the amorphous gel but only TPA is expected to 
be occluded within the zeolite structure C/N ratios should reflect 
the degree of crystallisation (TPA incorporation) and, as 
crystallinity increases to 100%, are expected to approach a ratio of 
12, as found in TPA. The very small levels of nitrogen which are 
present means that any errors become highly significant. The results 
quoted in Table 4.3 allow for an error of 0.2 in measurements of %N. 
The results can then be explained simply in terms of sample 
crystallinity. 
Two methods were used to analyse product aluminium contents. XRF 
enables quantitative analysis but results, as shown in Table 4.4, 
are inclusive of the entire solid product. For the highly 
crystalline products D1-D6, these results should be representative 
of the crystalline ZSM-5, and are very similar to the silica/alumina 
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ratios of the reagent mixtures. For samples of lower crystallinity 
(D7, D8) the solid phase is more aluminous than the reagent mixture, 
but the Al content of the crystalline material remains unknown. An 
estimate of the proportion of framework aluminium can be obtained 
from the relative sizes of the two separate weight losses seen 
during thermal analysis of ZSM-5, as described in Chapter 2. Over 
the 380-520°C temperature range, the division between the two weight 
losses was made at 455°C, (again determined from DTA data). Figure 
4.3 shows each weight loss as a function of the Al/Si ratio of the 
reaction mixture. For preparations D1-D6 the Al content of the 
product is directly proportional to that of the reagent mixture. 
Figure 4.4 shows the relationship between the ratio, R, of the two 
weight losses (380-455°C/455-5200C) and the Al/Si ratios of the 
products, as determined by XRF. When the log1oR is used a linear 
plot for samples which are fully crystalline is obtained, as shown 
in Figure 4.5. For less crystalline products (D5-D8) this 
relationship no longer applies. The best fit straight line (over 
results for D1-D4 only) determined by least mean squares analysis 
had a slope of -73.07 13.09 and an intercept of 1.562 0.026. It 
should be possible to use this linear relationship to estimate the 
Si/Al ratio of pseudomorphic products but care will be required as 
its validity for products of high Al/Si ratio has not been 
established. 
Product morphologies were studied by SEM and results are reported in 
Table 4.5. Products often contained crystals of two distinct sizes, 
as shown in Plate 3. The larger crystal size predominated in all 
products but D6 (Si02/Al203 = 90) and was used for further analysis. 
Figure 4.6 shows the variation in crystal dimensions (larger 
crystals) as a function of the reaction mixture aluminium content. 
The largest crystals are formed for silicalite, and with increasing 
Al content the crystal size decreases to reach a minimum for D3 
(Si02/A1203 = 240). Further increase in Al content then causes the 
crystal size to increase again. Measurement of crystal size was 
possible only for highly crystalline products. 
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4.2.4 Conclusions 
TPA-ZSM-5 can be crystallised from reaction mixtures in which the 
sole base is piperazine provided the silica/alumina ratio is 90 or 
greater. The products obtained in this way are essentially pure and 
suitable for comparison with those obtained in pseudomorphic 
syntheses. Distinct trends are seen in crystallisation time, in 
crystal size and in the aluminium content of the crystals as the 
aluminium content of the reaction mixture is varied. 
All of the methods used for estimation of crystallinity produced. 
similar trends. TG is likely to be the most suitable method for 
determining the crystallinity of pseudomorphic products (for which 
variations in crystal size-and amorphous content are to be 
expected). For the products from reaction mixtures of silica/alumina 
= 180 or more TG can also be used to determine the crystalline 
aluminium content via the relationship derived in Section 4.2.3. 
4.3 Gel Precrusting followed by Further Reaction 
4.3.1. Aims 
As the solubility of crystalline silica is lower than that of 
amorphous silica(136), it was argued that the formation of a 
crystalline silicalite surface on the silica particles prior to 
crystallisation of ZSM-5 should reduce the vulnerability of the 
particles to dissolution and break-up in the alkaline reagent 
solution. In most of the reactions described below a calcination 
step was used but the effect of the alternative procedure 
(re-reaction of uncalcined material) has also been studied and is 
discussed below. 
Moretti and coworkers have reported the crystallisation of ZSM-5 via 
a silicalite-1 phase(137). In their reactions microspheroidal silica 
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was impregnated with a solution of TPABr, NaA102, and NaOH. As a 
"dry impregnation" technique was used and no further reagents were 
added the proportion of water present in these systems was very 
small. Rapid crystallisation of a silicalite product was seen in 24 
hours while the expected, higher-Al, products were formed only after 
100 hours. Products were distinguished by the temperature of TPA 
decomposition which for pure TPABr is 227°C but in the zeolite 
structure was seen to vary between 375 and 447°C. The decomposition 
temperature increased with 'both synthesis time and Al content and 
further increase was seen even when crystallisation was essentially 
completed. In many cases a rapid transformation occurred, which was 
attributed to solubilisation of the original crystals and new 
crystallisation 
If a similar process occurred with precrusted materials then the 
silicalite crust would be converted to ZSM-5. During this 
recrystallisation the particles would be significantly weakened. 
Alternatively, the formation of a particle with an exterior composed 
of silicalite crystals and an interior of ZSM-5 crystals is 
possible. The distribution of Al throughout the product particles 
will indicate which of these processes has occurred. 
4.3.2 Method 
The precrusted gel was produced by the standard GPS procedure 
described in Section 3.3, with a synthesis time of 6 hours. This 
material was washed, dried and calcined following the procedures 
described in Chapter 2. Prior to re-reaction, sieving of the 
precrusted gel ensured that fines measurement related only to 
material produced during the second stage of reaction. The reaction 
mixture from which the ZSM-5 products were crystallised was: 
20 Si02 . x A1203 . 5 Na20 . 2 TPABr . 1000 H20 
where Kieselgel 60 precrusted with silicalite was the source of 
silica, x = 0 - 3 and other reagents were as given in Chapter 2. 
This reaction mixture was prepared in the following manner. 
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Aluminium wire was dissolved in NaOH solution to give a freshly 
prepared solution of sodium aluminate. A second solution of TPABr 
was also prepared. Immediately prior to reaction the two solutions 
were mixed and added to the dry, precrusted gel particles. Synthesis 
was again carried out in an autoclave at 1500C under autogeneous 
pressure and with a stirring speed of 50rpm. Products were washed 
and then dried at ilOoC overnight. 
4.3.3 Results and Discussion 
Results for all products synthesised from gel precrusted with 
silicalite-1 are shown in Table 4.6. With the exception of the 2 day 
product synthesised from a mixture of silica/alumina = 20 (El), XRPD 
analysis indicates that all products are highly crystalline. These 
crystallinies are much higher than was seen for the silicalite 
pseudomorphs discussed in Chapter 3. For the series of reactions 
with silica/alumina = 60 (E3-E5), increased synthesis time is seen 
to result in increased proportions of fines and therefore, as all 
three products are of similar crystallinities, lower values for QF. 
Quality factors for products synthesised by this method vary between 
1 and 9. As shown by the results for the 10 day reactions E2 and 
E5-E8, fines production generally decreases as the reaction mixture 
becomes more aluininous. The degree of fines production associated 
with the precrusting method is generally very high, as is the pH of 
these reaction mixtures. With the exception of the silicalite 
product (E8), the QF of 10 day products increases as the Al present 
decreases. 
Table 4.6 also shows the crystallinities of these products as 
determined by thermal analysis. Crystallinities were determined over 
380-520°C, and in relation to the final weight of each sample, as 
discussed in Section 4.2. For all but the silicalite product, 
crystallinities are slightly lower than those determined by XRPD. 
For completeness, details of product crystallinities as determined 
by the other TG methods discussed in Section 4.2 are given in 
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Appendix 1. The combination of factors such as variation in crystal 
size and possible variation in framework Al content within each 
product could complicate X-ray determinations and the TG estimates 
are therefore thought to be more accurate and have been used in 
preference to the XRPD measurements. Attrition measurements have 
been obtained for the coarser fraction of some of these products 
and, with the exception of El, are generally high (40-60%). This is 
likely to be associated with the high crystallinities, and therefore 
the large proportion of internal void space, of these products. The 
high proportions of fines seen during both synthesis and attrition 
testing show that conditions are not well suited to the production 
of pseudomorphs. The CHN results shown in Table 4.7 provide further 
confirmation of the very high crystallinities of products 
synthesised by this method as, for all products but E8, C/N ratios 
are close to the ideal value of 12. There is no suggestion of 
occlusion of PIPZ within the framework in place of TPABr. 
Due to the high product crystallinities, XRF determination of 
aluminium content should be largely representative of the average 
for the ZSM-5 crystals in these products. The major factors to be 
considered are the relationship between the silica/alumina ratio of 
the reaction mixture and the product, and whether a procedure 
related to that reported by Moretti and coworkers(137) (rapid 
crystallisation of silicalite and subsequent recrystallisation to 
ZSM-5) occurs. Results for analysis by both XRF and TG, (the latter 
from the relationship derived in Section 4.2.3) are shown in Table 
4.8. XRF measurements indicate that the aluminium content of the 
product increases with that of the reaction mixture. For a reaction 
mixture of silica/alumina = 60, the ratio in the products is 
essentially unchanged, while reaction mixtures of higher and lower 
aluminium content result in preferential incorporation of silica and 
alumina respectively into the aggregates. TG analysis results are 
specific to crystalline silica/alumina. The variation in Al content 
appears to be substantially reduced as the silica/alumina ratios of 
all products reported here are between 108 and 146. While this might 
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be explained by preferential incorporation of silica into the 
crystalline phase with an associated concentration of Al in the 
amorphous material (although this would seem unlikely for samples of 
such high crystallinity) it must be remembered that the validity of 
application of the linear relationship from which these results are 
calculated was shown only for silica/alumina ratios of 180 or more. 
Micrographs of precrusted products show that the overall particle 
morphology is as has been described in Section 2.2.5 for silicalite 
pseudomorphs. As shown in Plate 4, as the aluminium content of the 
reaction mixture increases the morphology of the internal crystals 
becomes increasingly square. EDX analysis was carried out on product 
E3, resin embedded as described in Section 2.2.5 . The concentration 
of Al present was seen to be consistent across the entire 
pseudomorphic particle, with no apparent difference between the 
aluminium content of surface (preformed) and interior crystals. 
Hence it seems likely that dissolution and recrystallisation of the 
preformed crust has occurred. The high proportions of fines and 
weakness 'of these aggregates would be consistent with such a 
mechanism. 
4.3.4 Adaptations to Precrusting Method 
In this series of reactions, the method described in the previous 
section has been modified, either by reduction of the concentration 
of base (Na20) in the reagent mixture or by omission of the 
calcination step, prior to re-reaction in the aluminous system. It 
was hoped that these alterations would result in lower fines 
production than had been seen for the standard precrusting method. 
Results are shown in Table 4.9. Comparison with product E4 shows 
that in both reactions an increase in fines production resulted. 
Surprisingly, in the reduced-alkalinity system, the strength of the 
aggregates (as measured by attrition) is also reduced. 
Crystallinities are still very high (by TG approximately 10% higher 
than than the equivalent standard product, E4). 
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The very high %fines produced during reaction F2 suggests that the 
presence of TPA in the zeolite channels is of little or no benefit 
during the aluminous crystallisation period. In all reactions of / 
precrusted gel the very high proportions of fines suggest that the 
crust is of very little benefit in pseudomorphic synthesis. The 
effect of Na20 reduction was more surprising but has been attributed 
to conditions in this system being less favourable for rapid 
crystallisation, thus resulting in the formation of a weaker crust 
with increased pseudomorph break-up and disintegration. 
Neither of these methods showed the hoped for improvements in 
product quality. Precrusting was therefore considered to be 
unsuccessful as a method of pseudomorph production as, despite very 
high crystallinities, levels of associated fines were also very high 
and the aggregate product was weak. 
4.3.5 Conclusions on the Precrusting and Re-reaction Synthesis 
Method 
The precrusting method enabled the synthesis of pseudomorphic ZSM-5, 
but is not an ideal method as the level of fines produced is 
extremely high, particularly when the Al content of the reaction 
mixture is increased. A high degree of crystallisation occurs very 
rapidly even in systems of high Al concentration. This observation 
is in agreement with those of Moretti and coworkers(137), but in the 
reactions described here, aluminium incorporation into the crystals, 
as measured by TG appeared to be complete at the shortest synthesis 
time of 2 days. However, it must be remembered that the calibration 
graph for this analysis was derived only from results for synthesis 
in systems of relatively low Al •content. EDX analysis of a 
precrusted gel particle which had been rereacted in a reaction 
mixture of silica/alumina = 60 for 2 days (E3) showed no difference 
between the proportion of aluminium in the preformed (surface) and 
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newly crystallised (internal) ZSM-5. 
4.4 Pre-impregnation of Kieselgel with Aluminium Nitrate Solution 
4.4.1 Aims 
The pre-impregnation studies reported in Chapter 3 indicated that 
this technique could be effective in the alteration of pseudomorph 
synthesis conditions. In the reactions reported here, 
pre-impregnation of the gel with an aluminium nitrate solution 
should ideally result in the even dispersion of Al through the 
particles of silicagel prior to reaction. Removal of the 
requirement for a high pH to enable dissolution of the Al source 
means that PIPZ can again be used as base. It was hoped that the 
lower pH of these reactions would also reduce the level of fines 
production. 
4.4.2 Method 
The incipient wetness technique described in Section 3.4.2 was used. 
The pre-sieved gel particles were impregnated with an aluminium 
nitrate solution of the concentration required to give the desired 
Si02/A1203 ratio. After a 2 hour aging period at room temperature 
the impregnated gel was treated in one of 3 ways: 
Heated to 300°C for 2 hours in an open crucible. 
Heated at 65°C for 4 hours in a thermostated oven. 
Dried at room temperature (25°C) for 10 days. 
It was then reacted in a system of one of the following 
compositions: 
20 Si02 . yA1203 . 10 PIPZ . 1000 H20 
20 Si02 . 2y Al(NO3)3.xH20 . 10 PIPZ . 1000 H20 
where 0 < y < 0.33 and x > 6.5. 
The decomposition of aluminium nitrate has been studied by thermal 
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analysis(13 8 ' 139 ) over the temperature range <35 - 10000C. The 
decomposition of aluminium nitrate to aluinina(138) occurs in the 
range 35 - 365°C, as shown in Figure 4.7. At higher 
temperatures(139) alumina can exist in several forms, as summarised 
in Table 4.10. These studies show that each of the gel treatments 
described above should produce a different form of alumina. In all 
cases, removal of a substantial proportion of the associated water 
prior to reaction should reduce the mobility of the aluminium 
species. 
Heating to 300°C results in decomposition of aluminium nitrate to 
produce alumina (or possibly an aluininosilicate when within the 
impregnated particles). It can be seen from Table 4.10 that at this 
temperature an amorphous form of alumina is expected. No crystalline 
phase was detected by XRPD analysis but it cannot be assumed that 
the aluminium is present as an amorphous alumina as the formation of 
an aluminosilicate phase is also possible. The 65°C treatment should 
produce aluminium in the form of Al(NO3)3.65H20 if the time allowed 
for dehydration is sufficient. Prediction of the degree of water 
loss from the material dried at room temperature is more difficult, 
although it is unlikely that dehydration will proceed beyond 
Al(NO3)3.9H20. Thermal analysis of a sample of impregnated gel 
(Si/Al=30) was carried out over the temperature range 20 - 900°C at 
intervals during the drying process and is reported in Table 4.11. 
The weight loss observed during thermal analysis decreases 
throughout the 11 day period studied but even after 11 days is 
obviously significantly greater than the 10.5% expected from the 
decomposition of Al(NO3)3.9H20 to A1203. A weight loss of 7.28% was 
seen for Kieselgel which had not been pre-impregnated (i.e. water 
associated with the silica gel itself). It can be concluded that., 
even when water associated with the gel itself has been taken into 
account, the degree of hydration of the Al in the gel particles must 
be substantially greater than Al(NO3)3.9H20 
Each method of gel treatment, therefore, produces aluminium in a 
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different environment. In the following sections, most products were 
synthesised from gel which had been impregnated and treated by one 
of the two higher temperature treatment methods. 
4.4.3 Results and Discussion 
4.4.3.1 Gel which has been Pre-impregnated and Heated to 3000C 
Results for products synthesised from gel which was pre-impregnated 
then dried at 3000C are shown in Table 4.12. As the aluminium 
content of the reaction mixture increases the crystallisation rate 
decreases, and for a silica/alumina ratio of 30 the product remained 
amorphous even after 20 days (Gi). XRPD crystallinity measurements 
suggest that there is an inherent maximum crystallinity for each 
reaction composition. Figures quoted for TG measurements of 
crystallinity refer to weight losses over 380-520°C, measured in 
relation to the residual weight (values calculated by other methods 
are listed inAppendix 1). Where product crystallinities are high, 
results from TG and XRPD analysis are similar, but for lower 
crystallinities TG determination gives significantly higher results. 
This can be explained by a combination of factors such as the 
presence of small, X-ray amorphous crystals (as discussed in section 
2.2.4.3) which cause low XRPD measurements, and "background" water 
loss (as discussed in section 4.2.3) which results in artificially 
high results for TG measurements. The true value for product 
crystallinity will lie between the two. In aluminous systems, fines 
production is noticeably lower than was seen for products 
synthesised by the precrusting method (E1-E8). Reagent 
silica/alumina ratios of between 60 and 240 (G4-G13) give products 
with quality factors in the range 5-24 while for the corresponding 
reactions E3-E7, QF was of the order 2-9. The strength of the 
aggregates as mirrored by attrition measurements is, with only a few 
exceptions, generally related to their crystallinity. Table 4.13 
shows the results for CHN analysis, which broadly reflect the trends 
in crystallinity as measured by TG. 
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The silicalite samples G12-G16 were synthesised to enable 
identification of the effects of the pre-impregnation and heating of 
the gel. To enable separation of effects associated with each phase 
of the treatment, reactions G14-G16 used gel which had been heated 
dry (i.e. without prior impregnation) to 3000C, while the gel used 
in reaction G17 was first preimpregnated with distilled water and 
then treated in the same way. Table 4.12 also shows results for a 10 
day product synthesised by the standard GPS procedure (GiB), with 
which G14-G17 can be compared. G18 is 89% crystalline, but as it 
contains 76% fines the QF is only 1.2. In contradiction to the 
results of Franklin and Lowe(124) the crystallinity of G18 was 
observed to be significantly greater than that for the corresponding 
24 hour product (A7). When the gel was preheated to 3000C, the 
results for 10 day products were very similar for both dry (G16) and 
wet (G17) gel procedures. Crystallinities were 68% and 64% 
respectively but, as fines production was reduced to 38-39%, values 
of QF increased to 1.7 in each case. The lower values for both % 
crystallinity and % fines were attributed to hardening of the silica 
gel particles during heating. As attrition measurements also show 
little distinction between products synthesised by the three methods 
it seems likely that such effects are superseded during 
crystallisation. From these results it appears that the low values 
of % fines seen for the Al-containing zeolite products are not a 
result of the pretreatment method itself, but must be associated 
with the presence of aluminium within the silica particles. 
Results for both XRF and TG analysis of the aluminium content of the 
aggregate fractions are given in Table 4.14. Overall aluminium 
content, as determined by XRF, is proportional to the silica/alumina 
ratio in the reagent mixture and is unchanged with synthesis time 
but the low crystallinities of many products (30-60%) means that XRF 
results may not be representative of the ZSM-5 crystals. Measurement 
of framework Al by thermal analysis (as described in Section 4.2.3) 
suggests that preferential incorporation of silica into the zeolite 
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crystals occurs for reactions G1-G8 (silica/alumina = 30-60) where 
framework silica/alumina ratios are estimated to be between 98 and 
113. It must be noted that these reaction mixtures do not fall 
within the range of compositions for which this relationship was 
clearly shown to be valid (Section 4.2.3). For more siliceous 
reagent mixtures the product silica/alumina ratio becomes more 
similar to that of the reagents. In reactions G4-G8 the proportion 
of aluminium in the crystals increases with increased synthesis time 
and a similar, but much smaller effect is seen for reactions 
G10-G13. Only this, last set of results was obtained for compositions 
for which log10R has been shown to be a linear function of Al/Si. 
Although there is no evidence for the rapid transformation described 
therein, a recrystallisation of the type described by Moretti and 
coworkers(137) could be involved here. It is more likely, however, 
that any increase in the Al content of the crystals is due to the 
formation of an Al-rich outer layer as crystallisation proceeds. 
Variation of Al content throughout ZSM-5 crystals has been the 
subject of several publications, von Ballmoos and Meier(140) studied 
aluminium distribution within large crystals of around 60-200 pm and 
with bulk Si/Al ratio of 50-100 (silica/alumina = 100-200). They 
found pronounced symmetric zoning of aluminium, with concentration 
in the rim of the crystals. Lyman and coworkers(141) saw three 
different chemical profiles across different sizes of ZSM-5 
crystals. Small particles of around 0.3 pm and of bulk 
silica/alumina = 18.6 showed either surface silica enrichment or 
essentially homogeneous distribution. Larger crystals of around 2 pm 
and bulk silica/alumina = 79 were found to be enriched with 
aluminium at the crystal surface. Chao and Chern(142) again studied 
Al distribution in large ZSM-5 crystals (single or twinned crystals 
of >100 pin) synthesised from high-Al reagent mixtures. Surface Al 
enrichment was thought to be partially explained by the presence of 
non-zeolitic impurities on the surface. Framework aluminium was 
found to affect the crystal morphology, producing either aggregates 
of very small crystals or the considerably intergrown crystals of 
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>100 pin. The crystals of the pseudomorphs are of around 1 pm for 
surface crystals, and of greater dimensions internally. The work of 
other researchers therefore supports the hypothesis that Al-rich 
surface layers may have been formed. EDX analysis was carried out on 
products G5 and G8 but while there was coiisiderable variation in the 
proportion of aluminium detected in different particles from each 
sample, no difference could be distinguished between the particle 
interior and the crust in either sample. Products G4,G5,G7 and G8 
were examined by 27A1 MASNM1. The ratio of the peak areas associated 
with tetrahedrally and octahedrally co-ordinated Al in each sample 
was used to estimate the proportion of the total Al present which 
had been incorporated into the zeolite framework. Results are given 
in Table 4.14 and the NMR traces are shown in Figure 4.8. The most 
striking feature of these results is the very high proportion of 
tetrahedral Al, even for G4 which had a synthesis time of only 2 
days (84%). This implies that a very high proportion of aluminium is 
incorporated into the zeolite framework. With increased synthesis 
time only a very slight increase in the proportion of tetrahedral Al 
was seen. 
Examination of pseudomorphs by SEN allows changes in the crystal 
morphologies consequent on changes in the aluminium content of the 
reaction mixture to be detected. All of the products had a surface 
of densely packed small crystals (around 1 pm) as previously 
described for the silicalite products in Chapter 3. The morphologies 
of the internal crystals vary with the Al content of the system. 
Silicalite pseudomorphs contain long, narrow crystals of 10-12 pm 
length and of platy appearance, as shown in Plate 5. In Plate 6 the 
internal crystals of products synthesised from reaction mixtures of 
silica/alumina = 240 are shown. After a reaction time of 5 days 
(Gil) twinned crystals of 12-15 pm in length are seen, which are 
often further intergrown. In the two micrographs shown, different 
forms of this crystal morphology are seen. The first shows crystals 
with well defined angles and edges, while in the second these 
features are less well defined and the crystals have a 'rougher' 
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appearance. Initially this was thought to be a feature of crystal 
growth under difficult conditions, associated with restriction of 
the supply of reagents to the particle interior. Crystals-of a 
similar nature have, however, been described in a recent publication 
by Chao and Chern(142), who attributed such "highly intergrown" 
crystals to incorporation of aluminium into the zeolite framework 
itself (as opposed to Al enrichment of crystal surfaces by 
non-zeolitic impurities) therefore it is possible that these are 
crystals of different aluminium contents. The internal crystals of 
the 10 day product (G12) are of squarer dimensions and generally 
less angular while those of the 15 day product (G13) are not clearly 
visible but appear to be covered by smaller crystals. Product G9, 
synthesised from a reagent mixture of silica/alumina = 120 is shown 
in Plate 7. The internal surface of the crust is clearly seen to be 
- made up of small, highly intergrown crystals, and is dotted with - 
larger, twinned crystals, which have grown in the particle interior. 
Plate 7 also shows two micrographs of different structures which 
were seen on the internal surface of the crust of product G8 
(synthesised from a reaction mixture of silica/alumina = 60). The 
first shows very rounded, twinned crystals, while in the second 
long, blocky structures are seen. It is clear that crystal 
morphology and dimensions are influenced not only by the reagent 
mixture but also by smaller changes in conditions between different 
gel particles in the same reagent system. These may result in 
variation in the degree of Al incorporation into the crystals of the 
pseudomorph particles. The EDX analyses carried out on products G5 
and G8 support this as considerable interparticle variation was 
seen. Due to difficulties in sample preparation accurate, 
quantitative results could not be obtained. 
QF results (Table 4.12) indicate that production of pseudomorphs is 
more successful by pre-impregnation than by precrusting. Product 
crystallinity increases with synthesis time, especially for 
reactions of high aluminium concentration but for each reagent 
composition there is an upper limit to the % crystallinity. When 
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this is reached, no further crystallisation results from increased 
reaction time. Reactions in silicalite systems show that the low 
proportions of fines associated with the aluminous products are not 
a result of the gel pretreatment alone. XRF analysis of aggregate 
products confirms the dependency of pseudomorph aluminium content 
upon that of the reaction mixture and shows little evidence for Al 
leaching or concentration in the solid phase as the reaction 
proceeds. The aluminium content of the ZSM-5 crystals themselves 
appears, from TG analysis, to increase slightly during the reaction. 
This, if a genuine effect, is thought to correspond to the formation 
of aluminous outer layers on the crystals. 27A1 MASNMR results show, 
however, that the proportion of Al in the zeolite framework is very 
high (84%) after only 2 days and that the increase as longer 
reaction times are used is very small (maximum 90% after 20 days). 
If both of these results are to apply then a large proportion of the 
Al must be present in the solution phase during the early stages of 
the reaction. At the pH levels associated with the use of 
piperazine, this is unlikely and it is therefore concluded that the 
TG estimates of framework aluminium can be used only as an 
approximation for the products from highly aluminous systems. 
4.4.3.2 Gel which has been Pre-impregnated and Heated to 65°C 
Table 4.15 shows the results for products synthesised from gel which 
was pre-impregnated with aluminium nitrate solution and then dried 
at 65°C prior to reaction. For reactions H2-H6 (silica/alumina = 60) 
product crystallinities, as measured by XRPD, generally increase 
with synthesis time, while for H8-H11 (silica/alumina = 240) 
crystallisation is essentially complete (at around 70%) after 2 
days. Measurement of crystallinity from TG traces gave similar or 
higher values than XRPD analysis. The TG values were measured in 
relation to the residual sample weight and over a temperature range 
of 380-5200C. Values calculated from the TG data by other methods 
are listed in Appendix 1. For each reagent silica/alumina ratio 
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there appears to be a limitation on the maximum aggregate 
crystallinity, as was also seen for products synthesised by 
pre-impregnation and heating to 3000C. In systems in which 
silica/alumina = 240 or greater, the proportion of fines associated 
with each product is around 40% while in more aluminous systems 
(silica/alumina = 120 or less) fines production is very low (often 
around 1-2%). Quality factors are therefore clearly divisible into 
two groups: for reactions of high aluminium content (silica/alumina 
= 120 or less) products have QF of 6-95, while the products from 
more siliceous mixtures have QF in the range 1-2. The strength of 
these products varies largely, generally in line with their 
crystallinity. 
Silicalite 'blanks' (1112-1116) were synthesised to detect the effect 
of the pretreatment method. Comparison with a standard pseudomorphic 
silicalite product (H16) showed that when the silica gel was 
preheated, either dry (H12-H14) or after impregnation with distilled 
water (H15), results for % crystallinity and % fines were slightly 
reduced. This was attributed to hardening of the gel during drying 
but, as for gel preheated to 300°C, the strength of the products 
(measured by attrition) was not affected. Results for CHN analysis 
of products synthesised by this method are given in Table 4.16. As 
expected, these reflect the sample crystallinities measured by TG. 
Table 4.17 shows the results for analysis of product aluminium 
contents by both XPF and TG. The primary influence on XRF results is 
clearly the silica/alumina ratio of the reaction mixture while TG 
results appear to vary with both the reaction mixture composition 
and the synthesis time. The need for care in the interpretation of 
TG results for reaction mixtures of high Al content where the 
relationship from which these results are calculated has not been 
shown to apply (Section 4.2.3) should be noted. Increased synthesis 
time appears to result in preferential incorporation of Si02 into 
the zeolite crystals. This is the opposite effect to that observed 
for the products described in the preceding section (4.4.3.1) and it 
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is therefore not unreasonable to assume that the observed effects 
are at least partly genuine and not simply associated with a 
systematic deviation, for more aluminous systems, from the 
relationship derived in section 4.2.3. 27A1 MASNMR analysis results 
are also given in Table 4.17 and the traces are shown in Figure 4.9. 
As was seen for reactions in which the impregnated gel was heated to 
3000C, the proportion of framework Al is very high after only 2 
days. With increased synthesis time (Table 4.15) this proportion 
increases slightly, to essentially 100% after 20 days. 
Changes in the morphologies of the pseudomorphs and the individual 
crystals were studied by SEM. All pseudomorphs were crusted with 
small, densely intergrown crystals. As for the reactions in which 
the impregnated gel was heated to 3000C, the silicalite pseudomorphs 
contained long, narrow crystals (as shown in Plate 5). For products 
synthesised from reaction mixtures of silica/alumina = 240, internal 
crystal development proceeded in the following manner, as shown in 
Plate 8. The 2 day product contains aggregates of small crystals 
which cannot be clearly identified as either internal or external 
crystals. After 5 days, particle interiors contain aggregates of 
small crystals and large, twinned crystals of around 10 )am in 
length, while after 15 days the pseudomorphs contain rounded, 
twinned crystals of around 10 pm. Plate 9 shows micrographs of 
products which were synthesised in more aluininous systems. The 10 
day product from a mixture of silica/alumina = 120, contains 
crystals which are more sharply angled, of a wide range of sizes 
(maximum length 30 pm), and highly intergrown. In systems of higher 
Al content all crystals are small and internal/external crystals 
cannot therefore be clearly distinguished. Large amounts of particle 
break-up were seen for the products from reactions of silica/alumina 
= 60 or 30, and the broken particles often had the appearance of 
thick-walled, hollow, amorphous shells, as shown in Plate 9. 
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4.4.3.3 Gel which has been Preimpregnated and Dried at Room 
Temperature (25°C) 
Synthesis by pre-impregnation and drying at room temperature was 
expected to yield products very similar to those from gel which had 
been pre-impregnated and dried at 65°C as, in each case, nitrate 
will still be associated with the impregnated Al. It was thought, 
however, that the slower drying process at 25°C might leave the 
aluminium nitrate more evenly spread through the gel particles. 
Results for the two products synthesised by this method are given in 
Table 4.18. Comparison of these products with the corresponding 
materials dried at 65°C (H10, Wi) shows that for 32 (silica/alumina 
= 60) the crystallinity (as measured by XRPD) is very similar to 
that of H4, but for the more siliceous mixture (silica/alumina = 
240) the crystallinity of 31, which was product dried at room 
temperature, is lower than that of H10. Crystallinity measurements 
by TG are however, in each case, very similar for products 
synthesised by each method. It is therefore surprising that the 
degree of attrition was noticeablydifferent for the products from 
gel dried at 25 or 65°C, particularly in a reaction mixture of low 
Al content. No reason for this is seen in the SEN micrographs, which 
again suggest that the products synthesised by this method and by 
impregnation and heating at 65°C are very similar. Plate 10 shows 
the morphologies of the pseudomorphs synthesised from a mixture of 
silica/alumina = 240. 
4.4.4 Further Adaptations to the Pre-impregnation Method 
4.4.4.1 Aging of Impregnated Gel Prior to Reaction 
The reproducibility of pseudomorphic reactions was generally very 
good (as seen for reaction C3). When reaction H9 was repeated, 
however, the results were as shown in Table 4.19. The major 
difference is in the proportion of fines associated with each 
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product and this is thought to have been caused by a difference in 
the time which elapsed between immersion of the pre-impregnated gel 
in the reagent solution and the commencement of reaction for the two 
syntheses. This prompted a study of the effects of aging, both 
during this period and also between gel pre-impregnation and drying. 
Results for reactions in which aging steps were included are shown 
in Table 4.20. In reactions K1-K3 the effect of aging after addition 
of the gel to the reagent solution was studied, while reactions 
K4-K7 involved alteration of the standard 2 hour aging period 
between impregnation of the gel and heating (to either 65 or 3000C). 
Reactions K1-K3 were all aged for a time of 18 hours between 
addition of the silica to the reagent solution and the commencement 
of reaction. Results for these syntheses can be compared with those 
for reactions G12, 1110 and 114, respectively. Where the gel has been 
heated to 300°C (Ki and G12), inclusion of the aging period results 
in an increase in the values for both crystallinity and fines 
production. The degree of breakup seen during attrition testing is 
also increased. When the gel for a reaction mixture of the same 
composition (silica/alumina =240) is heated to 65°C (K2, 1110), no 
difference is seen in the product crystallinities by either XRPD or 
TG analysis. Due to decreased fines production the QF of the aged 
product is, however significantly higher. The strength of the aged 
product is also better. In a more aluminous system (silica/alumina = 
60) where the gel is heated to 65°C (K3, H4), use of the 18 hour 
aging period does not alter the crystallinity of the product. Fines 
production is slightly higher but the strength of the aggregate 
product is improved. 
In reactions K4-K7, aging was carried out immediately after gel 
impregnation. Results for these products can be compared with G6, 
G9, 119 and 1110 respectively. The products from reactions K4 and K5, 
in which the gel was heated to 300°C, both show similar 
crystallinities to their non-aged counterparts (as measured by TG). 
For K4 (silica/alumina = 60), fines production has been reduced but 
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product K5 (silica/alumina = 120) is little different from G9. 
Reactions K6 and K7 had silica/alumina = 240 and used gel heated to 
65°C, but were synthesised over 5 and 10 days respectively. In each 
case, comparison with the corresponding non-aged product shows 
little change in crystallinity but a substantial decrease in fines 
for the aged products. Table 4.21 gives results for analysis of 
product aluminium contents. In each case there is little difference 
between the aged products and their corresponding non-aged 
counterparts. 27A1 MASNMR traces for K3 and H4 are shown in Figure 
4.10. Both products contain very high proportions of tetrahedrally 
co-ordinated Al. 
4.4.4.2 Combination of Methods Previously Discussed 
It can be argued that while none of the methods investigated have 
been ideal due to either high fines production (precrusting) or 
rather low crystallinities (pre-impregnation), it may be possible to 
combine these methods in a manner which results in improved product 
quality. Combinations which have been investigated include 
pre-impregnation of a precrusted gel and pre-impregnation of gel by 
both aluminium nitrate and a (TPABr + PIPZ) reagent solution. 
Results for these reactions are given in Table 4.22. Comparison of 
results for products Li and G7 shows that precrusting the gel prior 
to impregnation has resulted in increased fines without any 
improvement of aggregate crystallinity. It should be noted that the 
precrusted gel was calcined prior to impregnation and that the 
figure quoted for fines refers to material produced only during 
reaction of the precrusted material. Reactions L2 and L3 both used 
gel which had been pre-impregnated with aluminium nitrate solution, 
heated to dry or - to decompose the nitrate and then impregnated with a 
TPABr/PIPZ solution of standard concentration (as described in 
section 3.4.3). Where silica/alumina = 60 (L2) the product is little 
different from the corresponding product G7 but L3, synthesised from 
a more siliceous system, contains a much lower proportion of fines 
than the corresponding product H10. 
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The SEM micrographs in Plate 11 show that the precrusted product 
(Li) is largely amorphous, even on the surface, which indicates that 
significant dissolution of the preformed silicalite crystals has 
occurred. The surfaces of L2 and L3 are both highly crystalline but 
in each case the internal crystals are of a very different nature, 
as shown in Plate ii. L2 contains very rounded crystals of 8-10 pm 
while L3 contains twinned, lozenge shaped crystals of up to 40 )UM in 
length. These morphologies are typical of pseudomorphs from reagent 
mixtures of these silica/alumina ratios. 
It can be concluded that for the more aluminous mixture 
(silica/alumina = 60), neither of the adapted synthesis methods 
described here gave improved pseudomorph synthesis. The reduction in 
fines for L3 suggests that pre-impregnation of TPABr/PIPZ is of 
greater advantage in systems of lower Al content where 
crystallisation is rapid. 
4.4.4.3 Pre-saturation of the Reagent Solution with Silica 
In all of the reactions which have been discussed, the most obvious 
obstacle to the successful production of pseudomorphs is the 
requirement for saturation of the reagent solution with silica 
species (via gel dissolution) before crystallisation will occur. If 
the degree of dissolution required can be reduced then this should 
benefit the products. This procedure has been used in the reactions 
described below. Reactions were carried out with a reagent mixture 
of composition: 
20 3102 . x A1203 . 2 TPABr . 10 PIPZ . 1000 H20 
where x = 0 or 0.333 and other reagents are as given in Chapter 2. 
All reagents except the silica (and alumina, where relevant) were 
mixed to give a homogeneous solution. This was placed in an 
autoclave with 3g of fumed silica (Cab-0-Sil M5) and heated to 150°C 
(the temperature used in the synthesis of pseudomorphs). It was then 
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allowed to cool to around 800C and filtered to remove any remaining 
solid silica. The mother liquor was then used for crystallisation of 
the Kieselgel. Cooling of the solution during filtration will 
obviously cause a reduction in the degree of silica dissolution, 
producing a mother liquor which is far from saturated at 150°C but 
despite this, beneficial effects should still be seen from the 
silica which does remain in solution. 
Results for these reactions are shown in Table 4.23. One of the 
major effects of solution "presaturation" was to decrease aggregate 
crystallinity. Comparison of products Ml and G7 indicates an 
increase in fines production after solution "presaturation" but the 
opposite effect is seen for products M2 and A7. It is likely that 
the increased fines production seen for reaction Ml (silica/alumina 
= 60) was caused by crystallisation on nuclei which formed in the 
mother liquor during saturation and cooling. Crystallisation of this 
type would also explain the reduced crystallinity seen for the 
aggregate product. The effect of presaturation in the silicalite. 
system is more difficult to explain as the decrease in both 
aggregate crystallinity and fines production suggests that the 
presaturated system is less reactive, which would be very 
surprising. 
Examination of these products by SEN shows that the surface of Ml 
does not resemble that of any of the previous products. As shown in 
Plate 12 it appears to be covered in rounded "blotches" of 3-4 pm in 
diameter. These may be a result of crust dissolution. The internal 
crystals are very intergrown and look like "rough" spheres of up to 
10pm in diameter. M2 is of typical pseudomorphic appearance. 
Internally, crystals of around 3-4 pm can be seen growing in the 
amorphous silica. 
4.4.4.4 Use of a Lower Proportion of Water in Reaction Mixtures 
Previous investigations into silicalite synthesis( 124 ) studied 
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synthesis in the system: 
20 Si02 . 2 TPABr . 10 PIPZ . w H20 
where w = 250 or 1000 and other reagents are as detailed in Chapter 
2. Of the two systems the more successful in synthesis of silicalite 
pseudomorphs was the one of lower water content, as fines production 
was lower. The reactions described in this chapter were based on the 
reaction mixture of w=1000, hence it was decided that the effect of 
a reduction in water content should be investigated for aluininous 
systems. Two reactions of this type have been carried out and 
results are given in Table 4.24. Reduced water content has little 
effect on aggregate crystallinity but fines production is lower for 
Ni (silica/alumina=240) and higher for N2 (silica/aluinina=60) than 
for the corresponding reactions in which w=1000 (G12 and G7 
respectively). As with results for synthesis in a "presaturated" 
mother liquor, the effect of the method appears to vary with the 
silica/alumina ratio of the system. In this case it is most 
effective for siliceous mixtures. 
Both Ni and N2 had highly crystalline surfaces. Internally crystal 
morphology was dependent upon the reagent alumina concentration, 
with high Al producing small, rounded crystals of around 1 pm (N2), 
while lower Al resulted in twinned, lozenge shaped crystals of 8-10 
pm in length. 
4.4.4.5 Synthesis of Pseudomorphs from Alternative Sources of Silica 
A major feature of the pseudomorphs synthesised from Kieselgel is 
the cracks which develop along the edges and at the corners of these 
irregularly shaped particles. It is likely that this, in itself, 
contributes to the ease with which the particles disintegrate into 
fines and that a more regularly shaped silica particle might give 
stronger, attrition-resistant products. One of the alternative 
silica sources which were investigated is "Shell spheres". The 
morphology of these particles should give stronger pseudomorphs 
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which are less liable to cracking. Two forms of this product are 
available: hydroxylated (non-water resistant) or dehydroxylated 
(water-resistant). The latter should be particularly useful for this 
application as it is claimed that impregnation with aqueous 
solutions does not cause cracking of the spheres. A further 
advantage of the Shell spheres is their high pore volume. Both pore 
volume and pore diameter can be varied, but for a given sample are 
within a narrow range. Four samples of Shell spheres were supplied 
by ICI plc for these investigations and the characteristics of the 
samples are summarised in Table 4.25. 
The second alternative source of silica was extrudates, supplied by 
the PQ Corporation, again via ICI plc. Two materials were used and 
their properties are listed in Table 4.26. Both samples are 
extrudates of 1/16" in diameter, but the pore radius and volume, and 
therefore the surface area is slightly different for each. 
These materials were used in several reactions, mostly in the 
synthesis of silicalite-1. Reactions were carried out in stirred 
autoclaves and under the conditions described in Chapter 2. Results 
are given in Table 4.27. It can be seen that a major disadvantage of 
these materials was that during synthesis particle breakdown was 
almost complete. The sizes of these particles were such that this 
could be due to mechanical breakdown between the stirrer blade and 
the reactor base. Grinding noises which were heard during the first 
hour of these reactions support this possibility. Alternatively, 
these forms of silica may simply be unsuitable for pseudomorph 
production. Further reactions of these materials in different types 
of reactor are reported in Chapter 6. 
4.5 Conclusions 
Of the two basic synthesis methods investigated, namely precrusting 
and pre-impregnation, pre-impregnation is clearly more suited to 
aggregate production as, although products synthesised by 
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pre-impregnation are less crystalline, the proportions of fines in 
precrusted products are too high for this method to be useful. 
The main feature of pre-impregnation which was investigated was 
variation of the quantity and form in which the aluminium was 
present in the silica gel. The temperature at which the gel was 
dried gave either aluminium nitrate (25 or 65°C) or an 
alumina/aluminosilicate phase (3000C). While all products had many 
features in common some significant differences were seen, according 
to the temperature at which they had been heated. In all cases the 
crystallinity and fines associated with silicalite materials were 
slightly lower than for a straightforward GPS synthesis, and this 
was attributed to to gel hardening during heating. After treatment 
at 300°C all aluminous products contained extremely low proportions 
of fines, while for the 65°C treatment a similar effect was seen 
only for silica/alumina = 120 or less. For both methods there 
appeared to be a maximum crystallinity associated with each reagent 
composition. 
After treatment at 300°C, the lowest silica/alumina ratio observed 
(by TG) for ZSM-5 crystals was 98 (even for reactions G1-G3 where 
reagent silica/alumina = 60,30) and the extent of aluminium 
incorporation into the crystals appeared to increase with synthesis 
time. This is thought to be caused by the formation of Al-rich outer 
layers on the crystals. After drying at 65°C the opposite effect was 
seen and crystals became more siliceous with increased reaction 
time. 27Al MASNMR showed that the proportion of framework Al was 
very high in all products, but increased slightly with further 
crystallisation time at all Al contents. In systems of high Al 
content, TG estimates of framework Al should be used only as a rough 
guide. The morphology of the external crystals appears to be 
unaffected by either time or reagent composition but the larger, 
internal crystals are affected by both factors. Differences in 
crystal morphology have also been attributed to inter-particle 
compositional variations. 
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The adaptations described in Section 4.4.4 were each examined only 
briefly, but appeared to be most successful for highly siliceous 
reagent compositions. Aging had only a small effect after immersion 
of the impregnated gel in the reagent solution, but between 
impregnation and drying was seen to give decreased fines for a 
siliceous mixture. Decreased water content was similarly beneficial 
for a highly siliceous mixture but detrimental with an increased 
aluminium content. Presaturation did not result in the expected 
fines reduction. The alternative silica sources were not suitable 
for pseudomorph production in the stirred reactors. 
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Table 4.1 Variation in pH during the Synthesis of Reference 
Standard Products 
Time/d 	Product (Si02/A1203 Ratio) 
D1(co) D2(480) D3(240) D4(180) D5(120) D6(90) D7(74) D8(60) 
0 11.981 11.843 11.706 11.626 11.572 11.177 10.686 11.235 
1 11.854 11.665 11.453 11.372 11.350 11.158 10.674 11.151 
2 11.652 11.519 11.435 11.330 11.026 10.141 10.620 11.072 
3 11.665 11.518 11.439 11.337 10.989 11.132 10.582 11.045 
4 11.660 11.503 11.450 11.346 11.031 11.142 10.580 11.041 
5 - - - - 11.027 11.100 10.586 11.048 
6 - - - - 10.992 11.075 10.588 - 
7 - - - - 11.042 11.093 - 10.656 
8 - - - - - - 10.608 - 
9 - - - - - - - 10.863 
10 - - - - - - 10.574 - 
11 - - - - - - - 10.809 
12 - - - - - - - - 
13 - - - - - - 10.580 - 
14 - - - - - - - 11.008 
15 - - - - - - - 11.032 
Table 4.2 Crystallinity Measurements for Reference 
Standard Samples 
Sample % Crystallinity by each method 
XPPD TG350-600 0C 	TG380-5200C 
1 2 3 4 5 4 5 
Dl 94 98 85 89 101 85 97 
D2 93 93 100 90 103 86 99 
D3 90 100 88 90 102 87 100 
D4 89 95 85 91 104 88 101 
D5 91 89 88 86 98 82 93 
D6 100 90 91 81 94 76 88 
D7 12 10 9 40 44 27 30 
D8 7 6 8 41 48 29 33 
1 = as synthesised product 
2 = Product calcined at 550°C overnight 
3 = As 2, but with subsequent calcination at 800°C for 
1 hour 
4 = Based on weight loss as proportion of total weight analysed 
5 = Based on weight loss as proportion of weight remaining after 
analysis 
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Table 4.3 CHN Results for Reference Standard Products 
Run % Cryst. 
No %C %H %N C/N H/C (TG) 
Dl 8.7 1.8 0.9 11.3 tl.4* 2.5 97 
D2 8.7 1.8 0.9 11.3 t1.4 2.5 99 
D3 8.6 1.8 1.0 10.0 ±1.1* 2.5 100 
D4 8.5 1.8 0.9 11.0 tl.4* 2.5 101 
D5 8.5 1.8 1.0 9.9 ±1.0* 2.5 93 
D6 8.3 1.8 1.0 9.7 ±1.1* 2.6 88 
D7 4.1 1.2 1.7 2.8 10.2* 3.5 30 
D8 5.2 1.4 2.1 2.9 ±0.3* 3.2 33 
*Figures associated with 0.2% error in %N 
Table 4.4 Results for Determination of Al in Reference 
Standard Products by X-Ray Fluorescence 
Run Reaction mixture Final product 
No Si02/A1203 10 2 (Al/Si) S102/A1203 102 (Al/Si) 
Dl 0 1946 0.10 
D2 480 0.42 369 0.54 
D3 240 0.83 209 0.96 
D4 180 1.11 157 1.28 
D5 120 1.67 106 1.89 
D6 90 2.22 89 2.27 
D7 74 2.70 47 4.35 
D8 60 3.33 41 5.00 
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Table 4.5 Dimensions of Crystals in Reference Standard Products* 
Run Si01/A1203 Larger Crystals Smaller Crystals 
go Rn. 	Ku. Length 	Width 	Depth Length Width Depth 
Dl 00 18.5 	5.2 	3,0 9.1 1.1 (1 
02 480 11.7 	4.7 	1.5 4.0 1.5 0.5 
03 240 7.5 	3.3 	1.0 - - - 
04 180 7.6 	4.0 	1.7 - - - 
05 120 1 9 	4.2 	2.1 (1 ((1 <(1 
06 90 11.2 	4.4 	2.1 5.3 1.7 0.8 
Dl 74 - 	 - 	 - - - - 
08 60 - 	 - 	 - - - - 
'All dimensions in on. 
Table 4.6 Results for Products Synthesised by Precrusting Method 
Run Reagent 	Reagent 	Reaction Final % Cryst 	Wryst % 
o 3i02/A1203 10 1 (A1/Si) tiae/d 	pH 	IRPD Fines QF 	TG 	Attrition 
El 	20 	10 	2 	- 	( 	9.7 	- 	21 	19.8 
82 20 10 10 12.955 	82 82.6 	1.0 	68 - 
83 	60 	3.33 	2 	- 	94 	18.2 	5.2 	84 	52.6 
84 60 3.33 5 13.207 	95 40.4 	2.4 	75 26.4 
85 	60 	3.33 	10 	12.547 100 	56.5 	1.8 	83 	64.0 
86 	120 	0.833 	10 	12.726 101 	44.4 	2.3 	95 	44.0 
87 240 0.417 10 12.734 	97 10.1 	8.9 	95 - 
Be 	CO 	0 	10 	11.678 	77 	20.0 	3.9 	81 	- 
= degree of crystallinity too slight to be measurable 
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Table 4.7 Results for CHN Analysis of Precrusted Products 
Run % Cryst. 
No %C %H %N C/N H/C (TG) 
E3 7.7 1.8 0.7 12.8 2.8 84 
E5 7.7 1.8 0.8 11.2 2.8 83 
E6 8.5 1.9 0.8 12.4 2.7 95 
E7 8.7 1.9 0.8 12.7 2.6 95 
E8 6.8 1.8 1.0 7.9 3.2 81 
Table 4.8 Measurement of Aluminium Content of Pcrusted 
Products 
Run TG Results Si02 / A1203 
No R* logR* 103(Al/Si) Reagent XRF TG 
El 1.64 0.216 18.4 20 19 108 
E2 2.66 0.425 15.56 20 30 128 
E3 4.21 0.624 12.84 60 61 146 
E4 1.62 0.209 18.52 60 58 108 
E5 2.86 0.456 15.14 60 57 132 
E6 2.87 0.458 15.11 120 101 132 
E7 8.88 0.948 8.40 240 186 238 
E8 13.38 1.127 5.95 00 1365 336 
= ratio of weight losses [380-455oC]/[ 455-5200 C] 
Table 4.9 Results for Products Synthesised by Modified Precrusting 
Methods 
Run 	Reagent Reagent Time Final IRPD Pines 
o 	Si02/k1203 10 1 (k1/Si) (days) Na20 Caic p11 % QF Cryst Attrition 
Fl 	60 3.33 5 3 Yes - 	90 67.4 1.3 83 67.8 
P2 60 3.33 5 5 No - 94 85.9 1.1 86 20.5 
114 	60 3.33 5 5 Yes 13.207 	95 40.4 2.4 75 26,4 
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Table 4.10 Forms of Alumina present between 200-1000 0C( 139 ) 
Temperature 	Form(s) of 
OC 	 alumina 
200 	 amorphous 
300-600 	 amorphous 




Table 4.11 Change in Weight Loss with Time for Gel 
Impregnated with Aluminium nitrate Solution and 
allowed to Dry at Room Temperature (25°C) 
Drying Overall % DTA peak DTG peak 
time/d weight loss temperature/oC temperature/OC 
0 39.06 75 76 
1 37.35 74 75 
2 31.51 69 70 
3 27.65 69 72 
5 27.28 71 69 
7 26.48 95 94 
11 24.56 95 98 
0* 7.28 69 69 
* Kieselgel which has not been pre-impregnated 
with solution. 
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Table 4.12 Results for Products Synthesised from Gel Preimpregnated 
and 
Heated to 3000C 
Run Reagent Reagent 	Time 	Final Wryst 	%Cryst 	% 
No SiOi/A1103 10 2 (A1/Si) (days) 	p11 	IRPO Fines 	QP 	TG Attrition 
61 	30 	6.67 	20 	11,764 	( 8.2 	- 	41 	6,7 
62 	40 	5.00 	1 	- 	- 	- 	- 	33 	5.3 
63 40 5.00 10 11.498 (12 19.4 	(0.6 42 6.2 
64 	60 	3.33 	2 	11.445 	13 	0.8 	16 	37 	12.5 
65 60 3.33 5 - 42 2.9 	14 58 32.8 
66 	60 	3.33 	10 	11.263 	49 	9.8 5 	55 	37.4 
67 60 3.33 15 11.807 	43 7.7 	6 57 34.7 
G8 	60 	3.33 	20 	11.758 	51 	7.5 7 	57 	30.1 
69 	120 	1.67 	10 	11.278 	46 	2.3 	20 	64 	43.2, 42.9 
610 	240 	0.833 	2 	11.422 	65 	2.7 	24 	71 	27.0 
611 240 0.833 5 11.634 	81 3.4 	24 77 49.2 
612 	240 	0.833 	10 	11.235 	85 	6.5 	13 	85 	29.9 
613 240 0.833 15 11.579 	82 6.2 	13 88 54.4 
614 	ooD 	0 	2 	11.684 	67 	29.1 	2.3 	72 	41.8 
615 	ooD 0 5 11.635 	58 15.6 4 57 23.5 
616 	ooD 	0 	10 	11.325 	68 	39.1 	1.7 	84 	31.9 
617 ooID 0 10 11.760 	64 38.1 1.7 77 46.8 
618 	00 	0 	10 	11.537 	89 	76.2 	1.2 	96 	51.1 
= gel heated dry 
gel heated after impregnation with distilled eater 
: not measurable 
- 	result 	not obtained 
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Table 4.13 CHN Results for Products Pre-impregnated 
and Heated to 3000C 
Run % Cryst. 
No %C %H %N C/N H/C (TG) 
G4 5.3 2.1 2.0 2.7 4.8 37 
G5 7.0 1.7 2.0 3.5 2.9 58 
G6 7.5 1.8 2.0 3.8 2.9 55 
G7 7.1 1.7 1.9 3.7 2.9 57 
G8 7.7 1.8 1.9 4.1 2.8 57 
G9 6.6 2.2 1.6 4.1 4.0 64 
GlO 7.2 1.8 1.4 5.1 3.0 71 
Gil 7.2 2.1 1.2 6.0 3.5 77 
G12 7.7 2.0 1.0 7.7 3.1 85 
G13 7.9 2.1 1.1 7.2 3.2 88 
G17 6.3 2.5 1.0 6.3 4.8 77 
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Table 4.14 Measurement of Aluminium Content of Products 
Pre-impregnated and Heated to 3000C 
Run TG Results Si02 / A1203 NMR 
No P log10R 10 3 (A1/Si) TG Reagent XRF %tet 
Gi 1.25 0.097 20.05 100 30 - - 
G2 1.72 0.236 18.15 110 40 35 - 
03 1.84 0.265 17.75 113 40 32 - 
G4 1.81 0.258 17.85 112 60 50 84 
G5 1.83 0.262 17.79 112 60 52 86 
G6 1.58 0.199 18.65 107 60 49 - 
G7 1.43 0.155 19.26 104 60 50 86 
G8 1.17 0.068 20.45 98 60 50 93 
G9 3.58 0.554 13.79 145 120 102 - 
GlO 5.44 0.736 11.30 177 240 178 - 
Gil 4.84 0.685 12.00 167 240 178 - 
G12 5.10 0.708 11.69 171 240 181 - 
G13 5.01 0.700 11.80 170 240 177 - 
G14 10.66 1.028 7.31 274 Co 1544 - 
G15 11.13 1.046 7.06 283 Co 1107 - 
G16 19.68 1.294 3.67 545 00 1328 - 
G17 13.09 1.117 6.09 328 00 1220 - 
G18 16.10 1.207 4.86 412 00 - - 
P = ratio of weight losses [380-455oC]/[455-5200 C] 
%tet = % Al in aggregate sample which is tetrahedrally 
co-ordinated 
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Table 4.15 Results for Products Synthesised from Gel 
Pre-impregnated and Heated at 65°C 
Run Reagent Reagent Time Final Wryst % Wryst % 
No i0i/A103 103(A1/Si) (days) p11 IIPD fines QF TG Attrition 
RI 30 6.67 20 10.108 - 2.2 - 29 24.8 
112 60 3.33 2 10.731 8 0.5 16 31 18.0 
113 60 3.33 5 10.758 19 0.2 95 36 17,8 
114 60 3.33 10 10.825 26 1.3 20 43 37.6 
115 60 3.33 15 11.130 27 1.5 18 40 22.0 
116 60 3.33 20 11.099 48 7.5 6 52 24.5 
117 120 1.67 10 10.894 43 2.6 20 57 45.0 
118 240 0.833 2 11.118 73 41.6 1.8 78 - 
119 240 0.833 5 11.413 66 43.1 1.5 77 54.4 
1110 240 0.833 10 11.000 67 68.0 1.0 71 89.1 
1111 240 0.833 15 - 68 37.8 1.8 80 64.7 
1112 coR CD 0 2 11.667 58 39.1 1.5 56 53.5 
1113 011 oO 5 11.582 59 54.3 1.1 90 - 
1114 oH 0 10 11.613 77 54.6 1.4 78 - 
1115 oIl 0 10 11.727 64 35,1 1.8 80 40.1 
1116 o 0 10 11.537 89 76.2 1.2 96 51.1 
11 	= gel heated dry. 
111 	= gel heated after pre-impregnation with distilled water. 
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Table 4.16 CHN Results for Products-Pre-impregnated 
and Heated to 65°C 
Run % Cryst. 
No %C %H %N C/N H/C (TG) 
112 5.2 1.8 2.2 2.8 4.2 31 
H3 4.9 2.1 2.0 2.9 5.1 36 
114 5.8 2.1 2.2 3.1 4.3 43 
115 5.8 1.9 2.2 3.1 3.9 40 
H6 6.9 1.8 2.2 3.7 3.1 52 
117 6.6 2.1 1.7 4.5 3.8 57 
118 6.7 2.0 1.3 6.0 3.6 78 
119 6.1 2.1 1.4 5.1 4.1 77 
1110 6.5 2.0 1.1 6.9 3.7 71 
Hil 6.7 2.3 Li 7.1 4.1 80 
1115 6.4 2.4 1.0 7.5 4.5 80 
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Table 4.17 Measurement of Aluminium Content of Products 
Pre-impregnated and Heated to 65°C 
Run TG Results Si02/A1203 NNR 
No * l ogioR* 102 (Al/Si) TG Reagent XRF %tet 
Hi 1.22 0.086 2.02 99 30 - - 
112 1.77 0.248 1.80 111 60 49 80 
113 1.27 0.104 2.00 100 60 - - 
114 1.41 0.149 1.93 103 60 52 90 
115 1.54 0.188 1.88 106 60 49 - 
H6 1.84 0.265 1.78 113 60 50 100** 
H7 3.40 0.531 1.41 142 120 96 - 
118 4.12 0.615 1.30 154 240 166 - 
119 4.41 0.644 1.26 159 240 184 - 
H10 4.24 0.627 1.28 156 240 164 - 
1111 5.13 0.710 1.17 172 240 171 - 
1112 8.23 0.915 8.86 226 1017 - 
1113 13.19 1.120 6.05 331 - - 
H14 13.73 1.138 5.80 345 966 - 
H15 10.88 1.037 7.19 278 1414 - 
H16 16.10 1.207 4.86 412 - - 
% tet = 	of total Al in aggregate sample which is 
tetrahedrally co-ordinated 
= ratio of weight losses [380-455°C]/[455-5200C] 
** 	= peak associated with octahedral sample is too small 
to be measured 
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Table 4.18 Results for Products Synthesised by Impregnation and 
Drying at Room Temperature (25°C) 
Run Reagent Time 	Prying T,Cryst % Wryst 
On SiO2/A1203 (days) 	temp/oC IRPD fines QF TG 	Attrition 
J1 240 10 	25 46 13.0 4 66 	8.3 
J2 60 10 25 26 1.7 15 43 21.8 
010 240 10 	65 67 68.0 1 71 	89.1 
04 60 10 65 26 1.3 20 43 37.6 
Table 4.19 Results for two "Equivalent" Pr oducts 
Gel Preimpregnated and Heated at 65°C 
Run 	Reagent Reagent 	Time Final XRPD 
No Si02/A1203 10 3 (Al/Si) (days) pH 
H9 	240 	8.33 	 5 	11.413 66 








Table 4.20 Results foi 
Run Reaction Reagent 	Drying 
No tioe/d 	Si02/A1203 	temp 
11 	10 	240 	300 
12 10 240 65 
(3 	10 	60 	65 
G12 	10 240 	300 
1110 	10 240 65 
114 10 60 	65 
14 	10 	60 	300 
15 10 120 300 
16 	5 	240 	65 
17 10 240 65 
G6 	10 	60 	300 
G9 10 120 300 
119 	5 	240 	65 

















- 2h  
at i o i of Aging Effects 
Icryst 
	
QF 	%Cryst 	R 
	
IUD Fines TG Attrition 
61 
	
3.3 	18 75 	48.9 
64 13.3 5 70 53.3 
22 
	
2.2 	10 41 	22.6 
85 
	
6.5 	13 85 	29.9 
67 68.0 1.0 	71 89.1 
26 
	
1.3 	20 43 	37.6 
25 
	
0.8 	31 50 	25.5 
63 4.2 	15 66 47.0 
54 
	
1.7 	32 64 	39.5 
63 3.5 	18 78 46.1 
49 
	
918 	5 55 	37.4 
46 2.3 	20 64 43.2 
66 
	
43.1 1.5 	77 	54.4 
67 68.0 	1.0 71 89.1 
vessel = aging period follows immersion of gel in reagent solution. 
iopreg = aging period follows gel impregnation and precedes drying. 
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Table 4.21 Measurement of Aluminium Content for Products 
Synthesised via Aging Step. 
Run TG Results Si02 / A1203 2 7 A1 
MASNMR 
No R* l ogioR* 102 (Al/Si) TG Reagent XRF % tet 
Ki 4.63 0.665 1.23 163 240 - - 
K2 4.34 0.637 1.27 158 240 - - 
K3 1.92 0.283 1.75 114 60 - 86 
G12 5.10 0.708 1.17 171 240 181 - 
H10 4.24 0.627 1.28 156 240 164 - 
H4 1.41 0.149 1.93 103 60 52 90 
K4 2.03 0.307 1.72 116 60 - - 
K5 3.05 0.484 1.48 136 120 102 - 
K6 4.63 0.666 1.23 163 240 - - 
K7 6.46 0.810 1.03 194 240 - - 
G6 1.58 0.199 1.87 107 60 49 - 
G9 3.58 0.554 1.38 145 120 102 - 
119 4.41 0.644 1.26 159 240 184 - 
1110 4.24 0.627 1.28 156 240 164 - 
= ratio of TG weight losses 	[380-455oC]/[455-5200C] 
% tet = % of total Al (tetrahedral + octahedral) in aggregate 
sample which is tetrahedrally co-ordinated 
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Table 4.22 Results for Products Synti iesised by Combination of 
Methods 
Run Reagent Time 	Pre- A1(NO3)3 TPA/PIPZ Heating Wryst 	Wryst % 
No 8i01/A1103 (days) crusted impreg 	impreg teop/oC IRPD Fines QF TG Attrit 
LI 	60 	15 	Yes 	Yes 	No 	300 
	
10 	6.0 1.7 30 	2.9 
L2 60 15 No Yes Yes 300 31 7.2 4 	56 27.1 
L3 	240 	10 	No 	Yes 	Yes 	65 
	
43 	4.2 10 	65 	49.9 
7 	60 	15 	No 	Yes 	No 	300 
	
43 	7.7 6 	57 	34.7 
HID 	240 10 No Yes No 65 67 68.0 1.0 71 89.1 
Table 4.23 Results for Products Synthesised from "Presaturated" 
Solution 
Run 	Reagent 	Presat 
No 	SiOIA 1 1 0 3 solo 
Ml 	60 	Yes 
H2 co Yes 
G7 	60 	No 





XRPD Fines 	TG 	% 
QF 	%Cryst Attrition 
29 	13.9 2.1 	40 	30.7 
29 	22.2 1.3 45 21,1 
43 	7.7 	6 57 	34.7 
36 	39.8 0.9 	- 27.3 
Table 4.24 Results for Products Synthesised from less Dilute 
Solutions 
Run 	Reagent 	Water 	Time Drying IRPD Fines 	TG 
NO 	8i02/A1203 content 	(days) temp/oC 	% 	I QF Wryst Attrition 
MI 	240 	250 	10 	300 	70 	1.7 	41 	81 	46.8 
92 60 250 15 300 - 39.9 - 62 40.7 
G12 	240 	1000 	10 	300 	85 	6,5 	13 	85 	29.9 
G7 60 1000 15 300 43 7.7 6 57 34. 7 
PAGE 159 
Table 4.25 Characteristics of Shell Silica Spheres 
Sample Water Sphere Pore Pore 
code resistant size/mm volume/ml g-1 diameter/non 
S970A No 1.5*0.2 1.0I0.1 15*3 
S970B No 1.5*0.2 1.3*0.1 15*3 
S980A Yes 3.0*0.4 1.0*0.1 15*3 
S980B Yes 2.5*0.3 1.3*0.1 15*3 
Table 4.26 Characteristics of PQ Silica Extrudates 
Product 	 CS-1010E CS-1020E 
Surface area/M2 g-1 	122 	193 
N2 pore volume/ml g- ' 0.98 1.03 
Average pore radius/A 	161 	107 
Extrudate particle size 1/16" 1/16" 
Table 4.27 Results for Products Synth esised from Alternative Silica 
Sources 
Run 	Reagent 	Silica 	Time Drying Wryst % 
	
%Cryst 
No SlOi I A1203 	source 	(days) temp/0C IUD Pines F 	TG 
P1 	 CS-1010E 	6h 	- 	anorph 	5.9 0 	3 
P2 CS-1010E 	I. - 29 58.8 0.4 23 
P3 	 CS-1020E 	1 - 	aaorph 87.2 0 	5 
P4 C3-1010E 10 - 97 	96.1 1.0 89 
P5 	 CS-1020E 10 	- 	95 98.1 1.0 	86 
P6 3970A 	10 - 17 	84.5 0.2 29 
P7 	240 	3980A 10 	300 	681 	100 
	- 	971 
P8 240 39808 	10 300 751 100 - 991 
A7 	 Kieselgel 1 	- 	36 	39,8 0.9 	- 
Gil Kieselgel 10 - 89 76.2 1.2 96 












180 D5, 120 	 D8, 60 
D6, go 




Time / d 
Each reaction number is followed by the Si02/A1203 ratio of the 
reaction mixture. 
Figure 4.1 pH Profiles for Reference Standard Syntheses 
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Figure 4.3 Weight Losses during Thermal Analysis of Standard 
Products as a Function of Reaction Mixture Composition 
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Temperature ranges indicate the range over which decomposition of 
each composition was observed (i.e. initial and final temperatures 
for each decomposition) during heating at 1°C mm- 1 in N2 
atmosphere. 
Taken from Mu and Perlmutter( 107 . 
Figure 4.7 Decomposition of Al(NO3)3.9H20 
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Figure 4.10 27 A1 1ASNMR Spectra for Products K3 and 114 
PLATE 3 : MICROGRAPHS OF REFERENCE STANDARD PRODUCTS D1-D8 
A : Product Dl, Si02/A1203 = CD . Magnification x 2400. 
B Product D2, Si02/Al2O3 = 480. Magnification x 2400. 
C : Product D3, Si02/A1203 = 240. Magnification x 2400. 
D : Product D4, SI02/A1203 = 180. Magnification x 2400. 
E : Product D5, Si02/A1203 = 120. Magnification x 2400. 
F Product D6, Si02/A1203 = 90. Magnification x 2400. 
G : Product D7, Si02/A1203 = 74. Magnification x 2400. 
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PLATE L : SEN MICROGRAPHS OF PRODUCTS SYNTHESISED OVER 10 DAYS BY 
PRECRUSTI NG 
A : Product EU, Si02/A1203 = CD . Overall particle morphology. 
Magnification x 124. 
B : Product E8, Si02/A1203 = CO . Broken particle fragment showing 
the morphology of internal crystals. Magnification x 1020. 
C : Product E7, S102/A1203 = 240. Overall particle morphology. 
Magnification x 143. 
D : Product E7, Si02/A1203 = 240. Broken particle fragment showing 
the morphology of internal crystals. Magnification x 4250. 
E : Product E6, S102/A1203 = 120. Overall particle morphology. 
Magnification x 105. 
F Product E6, Si02/A1203 = 120. Broken particle fragment showing 
morphology of internal crystals. Magnification x 4250. 
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PLATE 4 
PLATE 5 : SEN MICROGRAPHS SHOWING THE MORPHOLOGY OF SILICALITE-1 
PSEUDOMORPHS 
A : Product G15, overall morphology. Magnification x 128. 
B : Product G15, surface crystals. Magnification x 4150. 
C : Product G15, internal crystals. Magnification x 2150. 
D : Product G17, broken fragment showing internal crystals and crust 
cross-section. Magnification x 1990. 
E : Product G17, broken fragment showing internal crystals and crust 
cross-section. Magnification x 995. 
F : Product G18, broken fragment showing internal crystals and crust 
cross-section. Magnification x 2150. 
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PLATE 6 : PRODUCTS OF S1021A1203 = 20 SYNTHESISED BY IMPREGNATION 
AND HEATING TO 3000C. 
A : Product Gil, internal surface of crust. Magnification x 1060. 
B : Product Gil, crust cross-section and internal surface. 
Magnification x 1060. 
C : Product G12, crust cross-section and internal surface. 
Magnification x 2120. 
D : Product G12, internal crystals. Magnification x 2120. 




















PLATE 7 SEN MICROGRAPHS OF PRODUCTS OF Si02/A1203 = 120, 60 
SYNTHESISED BY IMPREGNATION AND HEATING TO 300°C 
A : Product G9, Si02/A1203 = 120. Overall particle morphology. 
Magnification x 133. 
B : Product G9, Si02/A1203 = 120. Internal surface of crust. 
Magnification x 1060. 
C : Product G8, Si02/A1203 = 60. Internal surface of crust. 
Magnification x 2240. 
D : Product GB, S102/A1203 = 60. Interior of broken particle. 
Magnification x 4480. 
PAGE 175 
A 




PLATE 8 : SEN MICROGRAPHS OF PRODUCTS OF Si02/A1203 = 240 
SYNTHESISED BY IMPREGNATION AND HEATING TO 650C 
A : Product H8, broken particle fragments. Magnification x 5070. 
B : Product H9, broken fragment showing crust cross-section and 
internal surface. Magnification x 2040. 
C : Product Nil, broken fragment showing crystalline exterior and 
interior of particle. Magnification x 1020. 
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PLATE 9 : SEM MICROGRAPHS OF PRODUCTS OF Si02/A1203 = 120, 60, 30 
SYNTHESISED BY IMPREGNATION AND HEATING TO 65°C 
A Product H7, Si02/A1203 = 120. Overall particle morphology. 
Magnification x 87.8. 
B : Product H7, Si02/A1203 = 120. Close-up of patch of larger 
crystals on particle surface. Magnification x 709. 
C : Product H5, Si02/A1203 = 60. Overall particle morphology. 
Magnification x 132. 
D : Product H5, Si02/A1203 = 60. Hollow shell. Magnification x 244. 
E : Product Hi, Si02/A1203 = 30. Overall particle morphology. 
Magnification x 34.0. 






C 	 D 
[1 




- - 	 -s' t•- 	
w e 	 -: 
E 	 F 
PLATE 9 
PLATE 10 : SEN MICROGRAPHS OF PRODUCTS OF Si02/A1203 = 240 
SYNTHESISED BY IMPREGNATION AND DRYING AT 25 OR 65°C 
A : Product 31, dried at 25°C. Overall particle appearance. 
Magnification x 66.0. 
B : Product 31, dried at 25°C. Particle surface. Magnification x 
4300. 
C Product 31, dried at 25°C. Internal surface of crust. 
Magnification x 2130. 
D : Product 31, dried at 25°C. Broken fragment showing crust 
cross-section and internal surface. Magnification x 534. 
E : Product 1110, dried at 65°C. Overall particle appearance. 
Magnification x 170. 
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PLATE 10 
PLATE 11 : SEN MICROGRAPHS OF PRODUCTS SYNTHESISED BY COMBINATION 
OF METHODS 
A Precrusted gel. Morphology of particle surface. Magnification x 
1100. 
B : Product Li. precrusted then impregnated with Al and heated to 
3000C. Surface morphology. Magnification x 4190. 
C : Product Li, precrusted then impregnated with Al and heated to 
300°C. Overall particle morphology. Magnification x 131. 
D : Product Li, precrusted then impregnated with Al and heated to 
3000C. Crack in particle surface. Magnification x 4190. 
E : Product L2, impregnated with both Al and TPABr/PIPZ. Heated to 
3000C. Internal crystals. Magnification x 1030. 
F : Product L3, impregnated with both Al and TPABr/PIPZ. Heated to 
650C. Broken fragment showing crust cross-section and internal 














PLATE 12 : SEN MICROGRAPHS OF PRODUCT Ml, SYNTHESISED IN 
A "PRESATURATED" REAGENT SOLUTION OF Si02/A1203 = 240 OVER 10 DAYS 
A Overall particle morphology. Magnification x 134. 
B External surface of particles. Magnification x 4440. 
C : Internal surface of crust. Magnification x 2150. 
D : Broken particle fragment showing the morphology of the internal 
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CATALYTIC EVALUATION OF PSEUDOMORPHIC PRODUCTS 
5.1 Introduction 
The ultimate objective of these investigations into the 
pseudoniorphic synthesis method was the direct production of 
catalytically active aggregates. Investigation of the synthesis of 
pseudomorphs was described in Chapters 3 and 4 and the work 
described here involves the catalytic evaluation of a number of the 
aluminous products. 
5.1.1 Evaluation of ZSM-5 Catalysts 
The use of ZSM-5 in catalysis was described in Chapter 1. One of the 
major applications of this material is in the reactions of Co 
aromatics, often involving the production of para-xylene. Figure 1.5 
shows some of the reactions by which para-xylene is produced and 
which may therefore be used to characterise ZSN-5 samples. At 700K 
the equilibrium distribution of the xylene isomers is: 
ortho : meta : Para = 24.5 : 51.0 : 24.5( 19 ). Evaluation of ZSM-5 
catalysts essentially involves measurement of the degree to which 
their use allows this distribution to be altered in favour of the 
para-isomer. The pore size of ZSN-5 makes this an ideal catalyst for 
such reactions for two reasons: 
The relative dimensions of the zeolite channels and the three 
xylene isomers are such that the diffusion rate of para-xylene is 
around 1000 times greater than that of either ortho- or meta-xylene. 
Further reactions of the xylenes to give unwanted side-products 
are also very largely prevented by the restricted space available 
within the channels. 
In the evaluation of catalytic materials both their activity and 
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selectivity must be considered. Ideally, both should be high. The 
main factors which influence catalytic activity include the nature 
of the material to be tested: i.e. its structure, and the strength 
and concentration of the acid sites; and the conditions of testing 
i.e. the nature of the feed, the reaction temperature and the weight 
hourly space velocity (the weight of feed per unit weight of 
catalyst per hour). An increase in temperature or decrease in space 
velocity (i.e. decreased feed flow rate) results in increased 
activity, as measured by the degree of product conversion. 
Selectivity is influenced by many of the same factors but often not 
in the same way. This may be illustrated by the effect on catalyst 
activity and selectivity of an increase in temperature or decrease 
in space velocity. Whereas activity increases, selectivity is 
reduced and a compromise between the conditions which would allow 
optimisation of individual criteria is often required to find the 
optimum reaction conditions for any given material under test. 
Variations in the conditions used often complicate comparison 
between materials. A further influence on selectivity is the 
crystallite size of a material; as this increases the higher 
diffusive residence time of the molecules favours the production of 
para-xylene, due to its much higher rate of diffusion, and the 
selectivity of the catalyst increases(143) . A similar effect might 
also be produced by blocking a fraction of the pores, to increase 
the tortuosity of the random walk of the molecules. The use of 
aggregates has been reported(144) to give a longer catalytic life 
and higher selectivity than was seen for large crystals, suggesting 
that there may be benefits associated with the use of pseudomorphic 
aggregates. A publication by le Van Mao and co-workers(145) 
describes the use of cemented aggregates in meta-xylene 
isomerisation. As high proportions of amorphous silica remain in 
many of the pseudomorphic products, this may be of particular 
relevance in the consideration of pseudomorphic materials. The shape 
selectivity of ZSM-5 in meta-xylene isomerisation is essentially a 
result of the relative diffusivities of the meta-xylene reactant and 
the desired para-xylene product. It was reported that the presence 
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of the silica binding deposit between the aggregated crystals caused 
a slight restriction on intracrystalline accessibility to all 
molecules, which had the effect of further increasing para-xylene 
selectivity. When samples of ZSM-5 containing residual gel were used 
Ciambelli and co-workers(1 46 ) observed a similar increase in 
para-xylene selectivity for toluene disproportionation reactions. 
5.1.2 Choice of the Evaluation Reaction 
Figure 1.5 shows three reactions which can be used to evaluate ZSM-5 
catalysts; namely toluene alkylation or disproportionation and 
isomerisation of xylenes. In each case the crucial factor is the 
proportion of para-xylene produced. In the investigations reported 
below isoinerisation of a meta-xylene feed was the chosen reaction. 
5.2 Experimental 
5.2.1 Selection of Samples 
The number of samples which could be tested was limited by the time 
for which the necessary facilities were available. Care was 
therefore required in the selection of test materials to ensure that 
the maximum quantity of useful information was obtained. The first 
criterion in selection was to test those samples which were likely 
to be most active i.e. those of highest Al content. In this 
selection, the requirement for framework Al was an important 
consideration. Many of the materials tested were those which had 
been examined by 27A1 MASNMR and it was hoped that comparison 
between the proportion of framework Al and the catalytic activity 
might help to clarify the relationship between the high proportions 
of framework Al which were seen for all products by 27Al MASNMR and 
the estimates obtained by thermal analysis, which suggested 
increased incorporation of Al into the crystals with increasing 
synthesis time. Almost all products which were tested had been 
synthesised from reaction mixtures with silica/alumina = 60. The 
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effect on catalytic properties of the use of different synthesis 
methods, as described in Chapter 4, and of different reaction times 
were studied. Unfortunately, it was not possible to make 
measurements on a standard ZSM-5 material of similar composition. 
5.2.2 Methods of Sample Characterisation 
5.2.2.1 Catalytic Evaluation 
Catalytic evaluation was carried out at ICI Chemicals and Polymers 
Ltd, Wilton under the supervision of Dr I 3 S Lake. The facilities 
used are described in Chapter 2. The samples had previously been 
calcined overnight at 550°C and prior to analysis each catalyst was 
recalcined in situ, overnight, at a temperature of 500°C. The 
reaction used to characterise the samples was the isomerisation of a 
meta-xylene feedstock which was of composition: 
0.49 px : 98.62 mx : 0.89 ox 
where px, mx and ox represent the para-, meta- and ortho-xylene 
isomers respectively. The temperature and weight hourly space 
velocity were varied as required to give a conversion of 20-30% for 
each material. For the more active catalysts lower temperatures and 
higher space velocities were required while the opposite was true 
for catalysts of lower activity. Reaction conditions were as 
described in Chapter 2. Initial estimates of the conditions which 
would give the required degree of conversion were not always correct 
and in many cases further adjustment during the course of the 
reaction was required, as can be seen in Figures 5.1 - 5.3. 
5.2.2.2 Analysis of Surface areas and Pore Size Distribution 
Measurement of N2 adsorption and Hg porosimetry were carried out by 
ICI, Chemicals and Polymers Division. Together these analyses allow 
estimation of the surface area of each material, and analysis of the 
sizes and volumes of all pores and voids which are present. 
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5.2.2.3 Pyridine Desorption 
Samples which had been calcined overnight at 5500C were used for 
pyridine desorption. These were heated to 300°C for 2 hours in a 
muffle furnace then transferred, without cooling, to a vacuum 
desiccator which contained phosphorus pentoxide. This was evacuated 
and the sample allowed to cool to room temperature. It was then 
transferred to a second desiccator containing pyridine, which was 
evacuated and the sample left to equilibrate overnight. Samples were 
then analysed thermally to detect desorption of adsorbed pyridine. 
The equipment used was that described in Sectii2.2.7. Samples were 
heated from 200C to 900°C at a rate of lOoC mm-1. The degree and 
the strength of pyridine adsorption, as measured by the magnitude 
and temperature of desorption, gives an indication of the number and 
strength of the acid sites in the zeolite. The heating rate (10°C 
min-1) is higher than would ideally be used but was sufficient to 
enable comparisons to be made between different samples. Detailed 
analysis of product acid sites is not within the scope of these 
investigations. 
5.3 Catalytic Evaluation of Pseudomorphic ZSM-5 Samples 
Figures 5.1 - 5.3 show the degrees of meta-xylene conversion which 
were obtained for a selection of samples synthesised, respectively, 
by the precrusting method or by pre-impregnation of the gel followed 
by heating at either 65°C or 300°C. Details of the conditions under 
which each material was tested are also given. In each case, a 
gradual decrease in catalyst activity with time is seen over the 
period where conditions are constant but due to the variation of 
temperature and space velocity which was required during each run to 
give a conversion level of 20-30% for each material, direct 
comparison between runs is not possible. Further results were 
obtained via a kinetic treatment of the available data. This was 
carried out by Dr I J S Lake and helps to reduce the various feed 
rates and temperatures to a single parameter, allowing comparisons 
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to be made between the performances of the materials tested. Certain 
definitions are required: 
Mxcon = 100 x (MXf - MX) / MXf 	 (1) 
PX/OX = (PX -PXf)/(OXp - OXf) (2) 
where: 
TiXcon = % of Metaxylene converted 
MXf, OX, PXf = normalised percentage of each xylene isomer in feed 
MX, 0X, PXp = normalised percentage of each xylene isomer in 
product 
PX/OX = ratio of para-xylene produced to ortho-xylene produced. 
Measurement of the catalyst activity was based on first order 
kinetics: 
dmx/dt = -k(mx) + ki(1-mx) 
	
(3) 
k1 = k(mxe)/(1 - mxe ) 	 (4) 
where mx and mx e are the fractions of meta-xylene at time t and at 
equilibrium respectively. k is the rate constant for the conversion 
of meta-xylene and may be considered as the initial rate of 
conversion of pure material. k1 is the rate constant for the back 
reaction. Integration gives: 
kt = (1 - mxe ) ln[(mxf - mxe)/(mxp - mxe)J 	 (5) 
where mxf and mxp are the fractions of meta-xylene in the feed and 
product stream respectively. This treatment assumes that other 
reactions of xylenes are negligibly slow. 
Simple relationships describing the equilibrium distribution of 
xylene isomers are(147): 
px/mx = 0.000032T + 0.4361 	 (6) 
ox/mx = 0.000383T + 0.3053 (7) 
where T = temperature in OC. 
Sample activities (i.e. rate constant, k, for each reaction) were 
calculated from equation (5) and activity plots are shown in Figures 
5.4 - 5.6. These refer to materials synthesised, respectively, by 
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precrusting or by pre-impregnation followed by heating to 65 or 
3000C. Where possible these have been adjusted to constant 
temperature using relationships (6) and (7). These results show that 
the general trend is for activity to decrease throughout each run, 
and that the rate of decrease tails off as the reaction proceeds. 
Figure 5.4 shows the activities of the two precrusted products. 
While the activities of both materials are good, E3 is the less 
reactive and the rate at which activity decreases with reaction time 
is greater for this material than for E6. This is surprising as E3 
was synthesised from a more aluininous reaction mixture than E6 
(silica/alumina = 60 for E3 but 120 for E6). As both products were 
seen to be highly crystalline (>80%) and, in fact, E3 was of 
slightly higher crystallinity by both XRPD and thermal analysis, 
differences in activity cannot be ascribed to the degree of 
crystallinity and must be due to other factors, such as the degree 
of Al incorporation. Results for measurement of pseudomorph Al 
contents by both XRF and TG were shown in Table 4.8. XRF results 
(overall solid phase) clearly reflect the reaction mixture 
composition while TG results (crystalline phase only), although of 
cpiestionable reliability, as discussed in Chapter 4, would agree 
with the relative activities observed for products E3 and E6. 
Figure 5.5 shows the activities of the products synthesised from gel 
which was impregnated and then heated to 300°C. Product G9 was 
synthesised from a mixture of silica/alumina = 120 over 10 days 
while G5 - G8 were all synthesised from a mixture of silica/alumina 
= 60, over times of 5, 10, 15 and 20 days respectively. The first 
point is that the activity of even the most active of these 
materials is only around 50% of that of the precrusted materials E3 
and E6. The material from the less aluminous system, G9, is the 
least active catalyst while, with the exception of G6 (which was 
less active than expected), the activities of materials synthesised 
from a reaction mixture of silica/alumina = 60 increase with 
increased synthesis time. 
The activities of the two materials which were impregnated and 
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heated to 65°C, H4 and H6, are shown in Figure 5.6. The relationship 
between activity and synthesis time (10 and 20d respectively) is 
similar to that observed for products G6-G8 (synthesised over 10, 15 
and 20 days respectively). 
Clearly the materials produced by pre-crusting are of much higher 
activity than those produced from impregnated gels. The activity of 
precrusted materials did not increase with the proportion of 
aluminium in the reaction system while the activity of products 
synthesised by impregnation methods increased both with the use of 
more a].uminous mixtures and with increased reaction time. The cause 
of this could be increased crystallisation and/or Al incorporation 
into the crystals. 
Figures 5.7 - 5.9 show the ratios of paraxylene made to orthoxylene 
made during each reaction (i.e. product selectivity). Solid lines 
indicate results obtained at the end of each run when the effect of 
variation of feed rates was studied, while the earlier results are 
represented by broken lines. Arrows indicate the direction of 
changes with reaction time. Figure 5.7 shows results for the 
precrusted products. E6 is the more selective catalyst as well as 
the more active. Both materials showed a decrease in selectivity as 
the degree of conversion increased. Selectivities were generally 
between 2.0 and 3.0. The selectivities of the materials impregnated 
and heated to 300°C were, as shown in Figure 5.8, of a similar 
order, generally between 2.0 and 3.5. The samples of lowest 
selectivity were G5 and, particularly, G9. The latter had a 
selectivity of less than 2 over the range of conditions used, which 
is abnormally low for ZSM-5. The selectivities of the two products 
synthesised via impregnation and heating to 65°C are shown in Figure 
5.9. Product H6 shows a selectivity in the "normal" range of 2-3, 
but the selectivity of H4 is abnormally high, varying between 4 and 
9 over the reaction conditions used. 
Of the products tested, most gave results which were characteristic 
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of "normal" ZSN-5 samples i.e. at 15% conversion the ratios of 
para/ortho xylene were of the order 2.5 - 3.5. There were, however, 
two notable exceptions: G9, which was of abnormally low 
para-selectivity; and 114, which was of abnormally high selectivity. 
Examination of the morphologies of these products by scanning 
electron microscopy was carried out and micrographs are shown in 
Plate 13. Product G9 appears to be of fairly typical pseudomorph 
morphology, with a surface of fine crystals and larger crystals 
within the particles. No cause for the low para-xylene selectivity 
is evident. Product 114, which was of exceptionally high selectivity 
is also shown and is of less typical morphology. The surface appears 
slightly smoother and of less crystalline appearance; probably 
associated with an amorphous layer which has been laid down at the 
end of the crystallisation. This phenomenon was also observed by 
Franklin and Lowe(124) but the exact conditions with which it is 
associated are not known. Previous investigations(1 44 '1 45 ) have 
shown that such a coating could result in the observed high degree 
of selectivity for para-xylene. 
Figure 5.10 shows the kinetic plots. That the simple kinetic model 
is adequate to describe these systems is indicated by the reasonably 
straight lines produced. It is likely that the curvature near the 
origin is due, in part, to catalyst decay. 
Table 5.1 summarises the results obtained during the catalytic 
testing of the pseudomorphs. Although E6 is the most active material 
after both 10 and 20 hours its selectivity is no better than for 
normal ZSM-5 samples and this material is also very weak. H4 is very 
selective for para-xylene but has a very low activity. The strength 
of this material, as measured by attrition, was also low (37.6% 
break-up was seen). The results for the other pseudomorphic products 
tested reveal no startling trends and are fairly typical of ZSM-5 
materials. 
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5.4 Further Characterisation of Pseudomorphic Materials 
The use of both N2 adsorption and mercury porosimetry in pseudomorph 
characterisation enables the collection of information concerning 
two important aspects of these materials. Results for N2 adsorption 
enable the calculation of surface area by B.E.T. analysis and also, 
more importantly, comparison of sample isotherms with that obtained 
for a non-porous, but otherwise similar, reference material allows 
sample porosity to be characterised, as described in Chapter 2. The 
upper limit for pore characterisation by N2 sorption is around 
10-20nm(148). This is normally sufficient for the analysis of 
zeolitic samples as it is generally the micropores which are of 
interest (to characterise the crystalline zeolite), but where 
pseudomorphs are concerned, the numbers and dimensions of meso- and 
macropores also supply very useful information as they enable 
characterisation of the voids within the particles which are thought 
to develop during crystallisation and which substantially weaken the 
products. Mercury porosimetry can be used to characterise meso- and 
macropores, to a lower limit of around 3.5nm( 14 8). Analysis of this 
type has been carried out on a number of pseudomorphic samples, as 
reported below. 
5.4.1 Analysis of Sample Porosity and Surface Area 
5.4.1.1 Nitrogen Adsorption 
The results for the adsorption of N2 on a number of pseudomorphic 
products are shown in Table 5.2. Several of these products were used 
in catalytic testing and the results should therefore support and/or 
explain the observed trends in activity and selectivity. 
Isotherms are generally of type 2 or type 4, or intermediate between 
the two. Types 2 and 4 are attributed to non-porous and mesoporous 
substances respectively, but it should be noted that the micropores 
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may also be present within materials of both classes(149). The 
micropore volumes are much greater for the precrusted materials E3 
and E6 than for any of the pseudomorphs synthesised via impregnation 
routes. This result is consistent with previous estimates of sample 
crystallinity by both XRPD and thermal analysis, and also with the 
much higher catalytic activities of these materials. Despite the 
differences in reaction mixture composition and synthesis time for 
the two products, their measured pore volumes are very similar and 
it is not unreasonable to conclude that, as indicated by both XRPD 
and thermal analysis, the degree of crystallinity of these samples 
is close to 100%. These products are further distinguished from 
those synthesised by gel impregnation routes by their very low 
surface areas as measured by the B.E.T. method. This is also due to 
the high crystallinity (microporosity) of these materials(135). The 
N2 adsorption isotherm and pore analysis (as) plots for product E3 
are shown in Figure 5.11. 
All other measurements refer to products synthesised via gel 
pre-impregnation routes. Products G4-G8 were synthesised from gel 
which had been impregnated and heated to 3000C. The maximum 
crystallinity measured for these materials was 51% by XRPD or 58% by 
thermal analysis, and the highest measured micropore volume is, 
correspondingly, only around 50% of those for the precrusted 
materials E3 and E6. The adsorption isotherm and alpha plots for G8 
are shown in Figure 5.12. Comparison with Figure 5.11 (E3) shows the 
differences between these materials. Similarly, the activities of 
pre-impregnated materials were only 50% of those synthesised by 
precrusting. For products G4-G8 increased synthesis time results in 
an increase in micropore volume and a decrease in surface area, in 
agreement with both the trends in crystallinity which were reported 
in Chapter 4 and the increase in activity with synthesis time which 
was seen for samples synthesised by impregnation methods. 
Crystallinity measurements, surface areas and catalytic results all 
confirm the view that the high proportions of tetrahedrally 
coordinated Al measured for all samples, irrespective of their 
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synthesis time, by 27Al MASNNR must reflect the incorporation of 
almost all of the aluminium which is in the pseudomorphic particles 
into the zeolite framework. Where the degree of crystallinity is 
small this suggests that a significant proportion of the aluminium 
content of the system must be in either the fines fraction or the 
solution phase. Samples H2, H4 and H6 were synthesised over 2, 10, 
and 20 days respectively, from gel which was heated to 65°C after 
impregnation. Again the maximum crystallinity, measured by either 
XRPD or thermal analysis was 50%, and again this is reflected in 
the measurements of micropore volume. The measured surface areas of 
these products are of similar magnitude to those for products G4 - 
G8. This agrees with the catalysis results, which were very similar 
for products synthesised by these methods of preparation (i.e. gel 
which had been heated to either 65 or 300°C after impregnation). 
Comparison of products J2, K3 and K4 with 114 enables the detection 
of any effects associated with further variations on the 
impregnation synthesis method. All three products appear to have 
surface areas higher than that of H4 (i.e. larger proportions of 
amorphous silica) but results are otherwise similar. Comparison of 
results for L2 with those for G7 shows that the additional 
TPABr/PIPZ impregnation (L2) has resulted in a reduced micropore 
volume. This was reflected by the XRPD estimate of crystallinity but 
not by that from thermal analysis. Figure 5.13 shows the 
relationship between microporosity and pseudomorph crystallinitjes, 
as measured by both XRPD and thermal analysis. The direct 
relationship is clear. For materials of low crystallinity (<60%) 
XRPD appears to be the more accurate method of determination. 
Thermal analysis estimates are generally rather high so the 
influence of 'background' water loss is obviously still significant, 
even with the temperature range reduced to cover the minimum 
required. 
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5.4.1.2 Mercury Porosimetry 
In pseudomorphs the aspect of product morphology about which mercury 
porosimetry enables information to be obtained is the quantity and 
nature of the meso- and/or macroporous intracrystalline voids within 
the particles. Plots of mercury intrusion against pore volume for 
each sample tested are shown in Figures 5.14 and 5.15. For each 
material plots of both cumulative and incremental intrusion are 
shown. Table 5.3 summarises some of the results obtained. All 
samples tested were synthesised from a reaction mixture of 
silica/alumina = 60. 
The first plots shown are for product E3, synthesised by the 
precrusting method over a period of 2 days. The weakness of these 
products, illustrated by the high degree of fines production during 
both synthesis and attrition testing, suggested that a large 
proportion of mesopores and/or macropores developed during the 
reaction and this is confirmed by the intrusion of significant 
quantities of mercury at low pressures, supplemented by further 
intrusion as the pressure increases. Intrusion is particularly 
associated with pores of diameter l-lOOpm. The results obtained 
during mercury extrusion suggest that some degree of particle 
break-up occurs during testing. This was the only material for which 
this effect was seen, again confirming the weakness of the 
precrusted materials. 
All other materials were synthesised by one of the pre-impregnation 
routes and the trends for each of these samples are very similar, as 
is clear from the traces in Figures 5.14 and 5.15. Care Xis-needed in 
comparisons between traces as the intrusion scale is not consistent. 
Product H2 was heated to 65°C after impregnation and synthesised 
over 2 days. Mercury intrusion is associated with two pore sizes 
centred on around 60 and 0.02jim in diameter. The incremental plot 
shows clearly that virtually all intrusion is associated with pores 
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of these two types. At high pressures (corresponding to pore volumes 
of around 0.0211m) the extrusion branch on the cumulative plot shows 
some degree of hysteresis, attributed to intrusion which is 
associated with capillary condensation. Interestingly, the quantity 
of mercury retained at a given pressure remains slightly above that 
which was seen during intrusion throughout the entire extrusion 
branch. This indicates that not all mercury is leaving the pores 
i.e. that some pores/voids are accessible only through pores which 
have a higher entry pressure. The plots for G7, which was heated at 
3000C and synthesised over 15 days are also shown in Figure 5.14. 
The basic nature of both plots resembles those of H2 but some slight 
differences are seen. For this material a slight, gradual increase 
in the degree of intrusion is seen throughout the analysis as well 
as the two major intrusion events. Hysteresis is again seen to occur 
throughout the extrusion branch. This feature was characteristic of 
all samples synthesised by impregnation methods. The increased range 
of pore/void radii in product G7 was attributed to the development 
of further void space as the degree of crystallisation increased. 
The synthesis of products K3 and K4 involved an aging step. In the 
case of K4, this took place between gel impregnation and drying. The 
inclusion of this aging time appears to have virtually no effect on 
the mesoporous structure of the pseudomorphic product as the 
intrusion curves are very typical of such materials. Intrusion is 
associated mainly with pores of diameter 20-100pm and 0.007-0.09pm. 
K3 was aged after addition of the gel to the reaction solution. The 
product structure of this material is slightly different as the 
intrusion curve shows that the finer pores are spread over a wider 
than normal range of diameters. The crystallinities of K3 and K4 
were, respectively, 22% and 25% by XRPD or 41% and 50% by thermal 
analysis and the degree of product crystallinity cannot therefore be 
used to explain the observed difference in the intrusion curves for 
these materials. As the pattern of intrusion into K4 is fairly 
typical of the products analysed it seems likely that during the 
aging period in reaction K3 some form of gel rearrangement or 
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dissolution has occurred and that this has resulted in the altered 
nature of the mercury intrusion curve. 
The synthesis of product Li involved both gel precrusting and then 
impregnation with aluminium nitrate solution while L2 was 
synthesised from gel which had been pre-impregnated with both 
aluminium nitrate and a TPABr/PIPZ solution. Neither of these 
treatments caused substantial deviations from the standard intrusion 
plots. 
5.4.2 Pyridine Desorption 
Characterisation of the acid sites of the products by pyridine 
desorption should allow assessment of the potential activity of 
these products. The thermal analysis conditions used were such that 
indications of any differences between the products were obtained 
rather than accurate measurement of the numbers and strengths of the 
acid sites in each material. Figure 5.16 shows the DTA traces 
obtained during pyridine desorption over the temperature range 
400-5500C. The Kieselgel trace provides a reference blank with which 
the other traces can be compared allowing pyridine desorption 
associated with the ZSM-5 to be clearly identified. The DTA trace 
for the precrusted material E4 shows a large endotherm over the 
range 410-5000C. Similar, but less extensive exotherms were seen for 
three of the products synthesised by impregnation; G8, G9 and H6. 
Clearly the occurrence of this endotherm is related to pyridine 
desorption from acid sites and therefore to the crystallinity and/or 
Al content of these materials. Again the effect was greatest for the 
precrusted product E4, and showed some variation for the different 
materials synthesised by pre-impregnation. The synthesis conditions 
and crystallinities of these materials are summarised in Table 5.4. 
Of the pre-impregnated materials G5, H2 and H5 did not show an 
endotherm. For G5 and H2, synthesised over 5 and 2 days respectively 
this was not surprising, but H5 had a synthesis time of 15 days and 
a result similar to that for H6 was expected. The endotherm 
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associated with G9 was also unexpected, suggesting that despite the 
use of a less aluminous synthesis mixture the degree of '-
incorporation of Al was similar to that for G9. 
5.5 Conclusions 
It is clear that the precrusting synthesis method produces materials 
of highest catalytic activity. The weakness of these products, 
however, makes them unsuited for use as catalysts. A possible method 
by which this problem might be overcome would be to increase the 
strength of these products by impregnation with e.g. silica sol. 
Such a procedure would, however, increase the complexity of catalyst 
production. The relative activities of products synthesised from 
reaction mixtures of silica/alumina = 120 and 60 respectively 
suggest that thermal analysis estimates of crystallinity may be more 
accurate than could previously be assumed, although sorption results 
suggest that for materials containing a substantial proportion of 
amorphous gel these estimates are too high. 
For most of the materials tested para-xylene selectivity was in the 
"standard" range for ZSM-5 catalysts, or slightly lower. The 
exception to this was product H4, which had a much higher 
selectivity. SEN showed that this material was of slightly 
uncharacteristic appearance and that its selectivity could be due to 
an amorphous coating. Such an explanation is consistent with the 
findings of other workersu44,145. 
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Table 5.1 Results for Catalytic Testing of Pseudomorphic Products 
Reaction 	Reaction Test 	Activity Activity P1/01 
No 	3i02/A1203 tioe/h 	teop/oC 	10h/h-1 	20h/h-t 	15 convn 
83 60 2 325 3.5 2.2 2.6 
E6 120 10 325 5.45 4.6 2.9 
60 5 430 1.15 1.00 2.4 
G6 60 10 430 0.68 0.54 3.4 
60 15 325 1.10 0.88 3.0 
GO 60 20 325 2.36 1.74 3,0 
G9 120 10 350 0.50 0.44 1.7 
114 60 10 400 0.85 0.7 6.8 
116 60 20 325 1.8 1.4 2.9 
there 
8 = synthesis by precrusting method 
synthesis by gel impregnation and heating to 300°C 
fi : synthesis by pre-impregnation and heating to 65°C 
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Table 5.2 Results for N2 Adsorption on Pseudomorphic Products 
Product Reaction ZCryst Isothern Micropore 	Total Ext.+ Keso Heso 
Ho SiOi/A1103 tixe/d IRPD IC type yo lk area ** area**SA** PVI 
113 60 2 94 84 2 0.154 15.4 11.2 	- 	- 
116 120 10 101 95 2 0.166 11.6 10.3 	- 	- 
G4 60 2 13 37 4 0.05 - - 	 - 	 - 
G5 60 5 42 58 4/5 0.06 98 	- 	- 
G5 60 5 42 58 4 0.072 77.8 - 	 - 	 - 
G7 60 15 43 57 4/5 0.094 50.8 - 	 - 	 0.62 
60 20 51 57 2 0.076 - 54 	14 	0.11 
G8 60 20 51 57 2/4 0.076 - 57,0 	- 	- 
112 60 2 8 31 4 0,05 - - 	 - 	 - 
114 60 10 26 43 2 0,037 75.9 - 	 - 	 - 
116 60 20 48 52 2/4 0.064 5910 - 	 - 	 - 
J2 60 10 26 43 2/4 0.033 82,9 - 	 - 	 - 
13 60 10 22 41 4/5 0.011 - 108 	- 	0.41 
14 60 10 25 50 4 0.038 96.0 - 	 - 	 - 
L2 60 15 31 56 4 0,065 65.7 - 	 - 	 - 
ml g- ' 
= a 2 
+ : total area corresponds to entire surface accessible to N2 while external 
area does not include sorption within nicropores and is calculated from 
the a plot for the sauple. 
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Table 5.3 Results for Mercury Porosimetry 
Product Total Intrusion Total Pore 
No Volume/ ml g-1 Area/ m2 g- ' 
E3 1.6113 26.342 
G7 2.2646 72.163 
H2 1.6594 122.632 
K3 1.5742 62.102 
K4 1.6300 98.635 
Li 1.3463 93.437 
L2 1.7325 74.442 
Table 5.4 Summary of Products analysed by Pyridine Desorption 
Product 	Reagent Reaction %Crystallinity Product Si02/A1203 
No Si02/A1203 	time/d XRPD TG XRF TG 
E3 60 2 94 84 61 146 
E4 60 5 95 75 58 108 
E6 120 10 101 95 101 132 
G5 60 5 42 58 52 112 
G6 60 10 49 55 49 107 
G8 60 20 51 57 50 98 
G9 120 10 46 64 102 145 
H2 60 2 8 31 49 111 
H5 60 15 27 40 49 106 
H6 60 20 48 52 50 113 
where 
E = synthesis by precrusting method 
G = synthesis by gel impregnation and heating to 300°C 
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Figure 5.13 Relationship between Crystallinity Estimates by XRPD or 


















Diameter vs Cumulative intrusion 
Diameter /,um  
Diameter vs Incremental intrusion 
Diameter / 














Diameter / pm 




r .L1  
0.2 


































508 	5-- 	580 
Temperature / oC 
Figure 5.16 Differential Thermal Analysis Traces obtained during 
Pyridine Desorption 
PAGE 215 
PLATE 13 : MICROGRAPHS OF PRODUCTS G9 AND H4 
A : Product G9, overall particle appearance. Magnification x71.1 
B : Product G9, overall particle appearance. Magnification x141 
C : Product G9, internal surface of crust. Magnification x1060 
D : Product 114, overall particle appearance. Magnification x131 
E : Product HA, external surface. Magnification x2140 
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PSEUDOMORPHIC SYNTHESIS IN DIFFERENT TYPES OF REACTOR 
6.1 Introduction 
The reactions described in Chapters 3 and 4 were all carried out in 
stirred 500 ml stainless steel autoclaves of the type described in 
Chapter 2. Attempts to synthesise a pseudomorphic form of silicalite 
in static systems have been described by Franklin and Lowe(124) but 
they reported that the non-formation of the interlocked crystalline 
crust resulted in a product composed of single crystals and crystal 
aggregates. The lower reagent concentration at the particle surface 
in a diffusion-controlled system was thought to be a major factor, 
reducing nucleation and crystal growth to such an extent that crust 
formation was prevented. 
Nevertheless it was considered that further investigation into 
pseudomorph synthesis in static systems would be worthwhile. It can 
be argued that since the growth rates of ZSM-5 crystals are lower in 
aluminous systems than in the corresponding silicalite systems, as 
the reagent aluminium concentration increases the effects of reagent 
diffusion on crystallisation will be reduced and pseudomorphic 
synthesis will become more favourable. The degree of nucleation 
which is required to form the crystalline crust will be unaffected 
by such a change in the reagent composition. 
Further static reactions of Kieselgel 60, mainly in aluminous 
reagent mixtures, were carried out and are described below. A second 
objective of the reactions reported here was to determine whether, 
with a different silica source, static systems would be more 
conducive to synthesis of pseudomorphs and, simultaneously, whether 
the Shell spheres, which disintegrated completely in the stirred 
autoclaves (as reported in Chapter 4) can be used successfully in 
PAGE 217 
pseudomorphic synthesis. Reactions in a second type of system, in 
which agitation was provided by tumbling of the reaction vessel, are 
also described in this chapter. It was considered that syntheses 
based on Shell spheres would enable distinction between fines due to 
intrinsic weakness of the silica particles and fines produced by 
mechanical breakdown caused by the stirrer action. 
6.2 Static Systems 
6.2.1 Experimental 
Static reactions were carried out in 30 ml PTFE-lined stainless 
steel bombs which were placed in an oven thermostated at 1500C for 
the required time. Sampling was again not possible and a series of 
identical reactions was used for times of between 2 and 20 days. 
When each reaction was completed the solid product was filtered off, 
washed well with distilled-water, and dried overnight at ilOoC. 
Analyses were carried out as described in Chapter 2, with sieving of 
each product through the appropriate mesh size i.e. Kieselgel 
products through 100 mesh ASTM (0.15 mm), S970A and S970B through 20 
mesh (0.84 nun)and S980A and S980B through a 10 mesh (2 mm) sieve. 
Reagent mixtures were of the composition: 
20 Si02 . x A1203 . 2 TPABr . 10 PIPZ . 1000 H20 
where A1203 = decomposed aluminium nitrate, x = 0 - 0.333 and Si02 = 
Kieselgel 60, 35-70 mesh ASTM (Merck) or Shell silica spheres S970A, 
S970B, S980A, S980B (details in Table 4.25) 
6.2.2 Results for Aluminium-free Systems 
Results for the silicalite products synthesised in static systems 
are shown in Table 6.1. All four types of Shell spheres have been 
studied for reaction times of 2, 5, 10 and 15 days. For 
completeness, results for a corresponding series of reactions in 
which Kieselgel was the silica source are also reported. The effect 
of preheating the gel either dry or after preimpregnation with 
distilled water has been investigated for Shell spheres sample 
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S980A. When Kieselgel is used, this type of pretreatment has been 
found, through gel hardening, to result in products of reduced 
crystallinity and fines (as reported for stirred reactions in 
Chapter 4). For the Shell spheres a similar hardening could have a 
beneficial, strengthening effect and reduce product breakdown. 
The results for products R1-R4, synthesised from Kieselgel, show 
that these materials contain high proportions of fines (30-40%) 
after synthesis times of 5 days or more. The crystallinities of the 
coarser fractions are also high, with essentially full crystallinity 
after reaction times of 10 and 15 days. Micrographs show that 
products RI and P2 consist of particles of silica gel with surface 
patches of intergrown, lozenge-shaped crystals of around 20 pin in 
length. These crystals resemble the internal crystals of the 
products described in Chapters 3 and 4 rather than the very small 
crystals which formed the intergrown crust. The coarser fractions of 
products R3 and P4 consist of non-pseudomorphic aggregates of 
crystals, as described by Franklin and Lowe(12 4 ). Plate 14 shows the 
changing morphologies of the Kieselgel products with time. Clearly 
the degree of surface nucleation is less than in stirred systems and 
therefore crystals are able to grow to much greater dimensions but 
do not form the interlocked crust characteristic of pseudomorphs. 
Ultimately the silica gel particles break down and smaller 
aggregates of crystals result. 
The nature of the products synthesised from samples of Shell spheres 
has also been examined. For sphere samples S970A and S970B, which 
are both non-water resistant and of 1.5 mm in diameter, almost 
complete crystallisation was seen during the 15 day synthesis time. 
This was again associated with a high degree of fines production 
030%). Micrographs were obtained only for the 2 and 15 day 
synthesis times. An intergrown crystalline crust is clearly seen, 
even after a synthesis time of only 2 days. After 15 days the 
product structure is clearly pseudomorphic, but the individual 
surface crystals are again of around 20 j in length; much larger 
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than had been seen for the products of stirred reactions (Chapters 
3, 4). Some typical structural features of the static pseudomorphs 
are shown in Plate 15. The crystalline crust, essential for 
pseudomorph formation, has in places been lost and in other places 
appears to show surface patches of a second 'inside out' crust. In a 
static system where silica particles of these sizes lie closely 
packed and undisturbed at the bottom of the reactor such features 
are easily explained by interconnection of particle crusts via 
crystal intergrowth. The measured crystallinities of the aggregate 
-fractions-imply that the - pseudomorphic aggregates contain virtually 
no amorphous gel and are held together by the degree of crystal 
intergrowth. The strength of such products will be low due to the 
large amounts of included void space. The different pore volumes of 
the sphere samples caused no obvious differences in the products. 
S980A and S980B are the water resistant samples of Shell spheres, 
and might therefore be expected to crystallise as pseudomorphs more 
successfully. As these samples were also larger than the non-water 
resistant samples ( 3 mm and 2.5 mm respectively cf. 1.5 mm), direct 
comparison of products was not possible. The product of S980B, the 
more porous of the water-resistant silicas, was of much higher 
crystallinity than S980A after synthesis times of 10 and 15 days, 
and also contained slightly higher proportions of fines. The smaller 
sphere size of S980B (2.5 mm as opposed to 3 mm for S980A) may, in 
itself, explain these differences. SEM has shown that the products 
of both sphere samples were crystalline pseudomorphs. Surface 
crystals were again of -20 ,pm in length (as for S970A and S970B) 
while internal crystals were of up to 100 ,pm in length. The 
morphologies of the products from the two types of gel were very 
similar, although those of S980B were more highly crystalline. Plate 
16 shows some of the typical features and crystal morphologies. The 
appearance of the 2 hour samples suggests that crust formation 
occurs via intergrowth of scattered aggregates of the type seen when 
Kieselgel is reacted statically. 
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As all four types of Shell spheres produced pseudomorphs, one of the 
major conclusions from these reactions is that successful 
pseudomorph synthesis in static systems is possible when a suitable 
silica source is used. The spheres are larger than Kieselgel 
particles and have a regular shape. The pore system (of 15 nm in 
diameter for all four samples cf. 6 nm for Kieselgel) may also be 
important. In the crystallisation of pseudomorphs crust formation 
has been identified as crucial to success. The rate at which 
nutrients are supplied for nucleation and crystal growth is 
therefore of major importance. In static systems, supply of reagents 
is diffusion related, which appears to prevent crust formation when 
Kieselgel is reacted in such systems. When Shell spheres are used, 
such diffusional limitations are unchanged and the key to the 
successful crystallisation of pseudomorphs must therefore be the 
nature of the particles themselves. Surface crystals were observed 
to be 20 j= in length for the products of both Kieselgel and Shell 
spheres . The number of nuclei which form is controlled by the 
availability of nutrients and limited nucleation means that 
significant intergrowth occurs only when the crystals reach sizes of 
20 pm. It is thought that, because of their regular shape, the 
Shell spheres are better able to form a crust of such large crystals 
than are the irregular Kieselgel particles. Particle porosity may 
also be important, the 15 run pores of the spheres enabling an 
increased dispersion of reagents and crystallinity throughout the 
particles and thus reducing the extent to which breakup and fines 
production can occur before crystals are incorporated into a 
pseudomorphic structure. 
Results for preheated samples of spheres S980A are generally similar 
to those for R13-R16, and do not show the reductions in 
crystallinity and fines which had been seen for similarly treated 
Kieselgel samples. It is thought that, as S980A is a dehydroxylated 
gel, it has already been subjected to a heat treatment and therefore 
a second treatment gives no further benefits. Although preheating 
might be beneficial for samples of spheres which have not been 
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dehydroxylated (S970A and B), the results for the dehydroxylated 
materials S980A and B indicate that particle strength would not be 
increased sufficiently to enable pseudomorphic transformations in 
stirred systems. 
6.2.3 Results for Aluininous Systems 
Aluminium incorporation was by the pre-impregnation procedure 
described in Chapter 4. A series of reactions in which the reagent 
aluminium content was varied were carried out with Shell spheres 
type S980A as silica source, and with a post-impregnation drying 
temperature of 300°C. Silica/alumina ratios of 60, 120 and 240 were 
studied. A second series of results were obtained for reactions in 
which the silica/alumina ratio was 240 and the source of silica 
varied. In these reactions the post-impregnation heating temperature 
was 65°C. Reaction times of 2, 5, 10 and 15 days were used for all 
reactions, with the exception of the system with silica/alumina = 
60, for which reactions were run for 2, 5, 15 and 20 days. Table 6.2 
shows the results for all of these reactions. 
For the reaction of Shell spheres S980A, variation of silica/alumina 
between 240 and 60 has a surprisingly small effect on the 
crystallisation rate. In the system of silica/alumina = 60 (S1-S4) 
fines production is very low (<5%)throughout the 20 day reaction, 
but in more siliceous systems the proportion of fines increases with 
time to around 22% after 15 days. Conditions for pseudomorph 
synthesis are therefore improved by an increase in the concentration 
of aluminium. 
Micrographs of the products reveal that surface crystals are of 
around 20-401im in length, although, as can be seen in Plate 17, 
accurate measurement is not possible due to the degree of crystal 
intergrowth. All products are of a similar morphology although, as 
had previously been noted in Chapter 4, with increased alumina the 
crystals are much squarer. Internal crystals reach lengths of 70 jim 
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in the system of silica/alumina = 60, and 90 pm in the system of 
silica/alumina = 240. It can be concluded that the major influence 
on crystal size is the type of reactor (i.e. stirred/static). The 
aluminium content of the mixture has a small effect on crystal size 
but strongly influences the crystal morphology. The very low fines 
seen for products from the highly aluminous system may be associated 
with the ready intergrowth of crystals to form a crust. Micrographs 
of the products from reactions of silica/alumina = 60 and 240 are 
shown in Plate 17. 
Use of different silica sources allowed the suitability of Kieselgel 
and the various samples of Shell spheres to be assessed for static, 
aluminous systems. In the case of S980A, comparison of results after 
post-impregnation heating to 65°C (S21-S24) and 300°C (S9-S12) could 
also be made. For S970A and S970B, the small (1.5imn), non-water 
resistant spheres, the results obtained were very similar. Product 
crystallinities and fines reached the high levels of 84% (XRPD) and 
47% respectively after 15 days. Kieseigel products also had very 
high levels of crystallinity (94%) and fines (53.2%) after 15 days. 
Again, the aggregates produced in these reactions were not 
pseudomorphic. The results for the products synthesised from S980A 
and B are less clear. S980B products show trends similar to those 
described for the other silicas, but for S980A results are rather 
ambiguous. Crystallinities (and fines) may again follow trends 
similar to those described above or may be lower than for the other 
silica types. None of the Shell sphere products had a fully 
crystalline crust after 2 days, but after 10 days crusts of large 
( -20 1m) crystals were seen in all cases. The size of internal 
crystals varies according to the silica source with (after 10 days) 
crystals of 30 Pm for S970A, 50jim for S970B and S980B and 70-100jim 
for S980A. 
Comparison of reactions S9-S12 and S21-S24 confirms that for the 
dehydroxylated gel, S980A, heating effects are not important. 
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6.2.4 Variation of Water Content of Reaction Mixture 
Franklin and Lowe(12 4 ) attributed the lack of crust formation for 
reactions of Kieselgel in static systems to the lack of a 
sufficiently high reagent concentration at the particle surface. The 
investigations now described involve an attempt to increase reagent 
concentrations by reducing the proportion of water in the reagent 
mixture. Ultimately it was hoped that this could be developed to 
give a system in which additional solution was not required and 
crystallisation could be carried out by steaming particles 
impregnated with all of the required reagents. To facilitate this, 
only the minimum quantities of reagents required for successful 
crystallisation should be present. The exact quantity of TPABr 
required for 100% crystallisation (assuming 4 TPA per unit cell of 
ZSM-5) was calculated and was used in the reactions described here. 
The effect of a reduction in PIPZ concentration was also 
investigated. Reaction mixtures were of the composition: 
20 Si02 . 0.33 A1203 . 0.83 TPABr . y PIPZ . w H20 
where y = 5 or 10 and w = 1000, 250 or the minimum required for 
dissolution of organic reagents 
Aluminium was impregnated into the gel as an aluminium nitrate 
solution, which was then decomposed by heating the gel to 300°C for 
2 hours, as described in Chapter 4. When the gel had cooled to room 
temperature it was further impregnated with the organic reagent 
solution. A synthesis time of 5 days was used in all reactions. The 
results for two series of reactions are reported in Table 6.3. The 
first series of results (T1-T5) are for reactions in which a single 
impregnation with reagent solution was carried out, after which the 
gel was aged for 2 hours in a sealed plastic bottle at room 
temperature (250C). The remaining reagent solution was added to the 
gel immediately prior to reaction. The second series of results 
(T6-T10) refer to reactions in which successive impregnations were 
made until all reagents had been added to the gel. Between each 
impregnation the gel was allowed to dry overnight at room 
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temperature. Clearly, this was a very rough and ready procedure, but 
should indicate whether the effects are such that a more precise 
method should be developed. 
The crystallinities of T1-T5, in which a single reagent impregnation 
was used, are all very similar, varying between 20-26%, while fines 
are in the range 14 to 25%. No significant trends with variation of 
water content or PIPZ concentration could be detected. Although SEN 
micrographs have not been obtained for these products, optical 
microscopy showed that in all cases twinned crystals of 15-20jim in 
length are present on the particle surface but do not form a 
complete crust. No internal crystallisation was detected and the 
particles were still significantly composed of amorphous gel. 
T6-T11 are of very similar crystallinities, in the range 24-28%. 
Surprisingly, decreased water content appears to result in a higher 
proportion of fines. Products had morphologies very similar to those 
described for T1-T5 with no evidence for the crust formation or 
internal crystallisation characteristic of pseudomorphs. 
It can be concluded that the increase in concentration is not enough 
to result in the increased nucleation thought to lead to successful 
crust formation of Kieselgel. 
6.2.5 Conclusions about Pseudomorphic Synthesis in Static Systems 
It has been shown that when static conditions are used with 
Kieselgel as the silica source, pseudomorphs of silicalite and ZSM-5 
are not formed. The small (<1pm) crystals which form the crust of 
pseudomorphs synthesised in stirred autoclaves are replaced by 
crystals of around 20 pm in length, which are aggregated but not 
sufficiently intergrown for crust formation. In silicalite systems 
the ultimate product has been seen to be aggregates of these 
crystals. 
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However, the use of Shell silica spheres, in either the hydroxylated 
or dehydroxylated form, and of sizes 1.5 - 3 mm does allow synthesis 
of pseudomorphs in static systems. Surface crystals are again of 
around 20jim in length but the formation of a crust by crystal 
intergrowth is now seen after 2-5 days. Completely crystalline 
pseudomorphs were formed in these systems. It is thought that the 
different behaviour of Kieselgel and Shell spheres in these systems 
can be explained by a combination of the particle morphology and 
pore dimensions. Particle size, total pore volume and the form 
(hydroxylated/dehydroxylated) of the silica will all have a smaller 
influence although these have not been investigated here. 
Even attempts to increase reagent concentration at the Kieselgel 
surface did not result in the formation of the many, small crystals 
which had been seen for the products of stirred systems. Reduction 
of water content had a surprisingly small influence on the nature of 
the crystalline product. In all cases, after 5 days the particle 
surfaces were scattered with clusters of aggregated crystals 
irrespective of the proportion of water present. 
6.3 Tumbled Systems 
6.3.1 Experimental 
Reactions were carried out in 75 ml stainless steel bombs which 
could be clamped onto a motor-driven shaft within an oven 
thermostated at 150°C. The bombs were tumbled end-over-end at a 
speed of 60 rpm. The reaction mixture used was of the composition: 
20 S102 . x A1203 . 2 TPABr . 10 PIPZ . 1000 H20 
where A1203 = decomposed aluminium nitrate, x = 0 or 0.33 and S102 
= Kieselgel 60, 35-70 mesh ASTM (Merck) or Shell spheres S980A (as 
detailed in Table 4.25). 
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Each reaction used a total reagent weight of 50g. Where aluininous 
systems were required, preimpregnation with aluminium nitrate 
solution followed by heating to 300°C, as described in Chapter 4, 
was used. Facilities for these reactions were provided by ICI plc, 
and to comply with safety procedures,.a small pressure was applied 
to each charged vessel prior to reaction. When the required time had 
elapsed, each bomb was removed from the oven, allowed to cool, 
excess pressure released and then the contents were quenched by 
pouring them into 400 ml of demineralised water. The solid product 
was then filf,.red off, washed well with water and dried at 110°C. 
Kieselgel products were sieved through 100 mesh ASTM (0.15 mm) while 
S980A products were sieved through a 10 mesh (2mm) sieve. 
6.3.2 Results for Reactions in Tumbled Systems 
A silicalite reaction mixture was used for the majority of these 
reactions. Table 6.4 shows the results. It is clear that the Shell 
spheres crystallise suddenly and completely, with an associated 
break-up of the spheres. Use of a lower rotation speed might have 
prevented or reduced the extent of the break-up, but could not be 
investigated due to time restrictions. XRPD measurements suggest 
that the crystallinity of the coarse fraction of the Kieselgel 
products increases over the first two days but then decreases again. 
This could be explained by loss of crystals from the particle 
surfaces although it should be noted that the TG estimate of the 
crystallinity of this product is very much higher (78% cf 36%). The 
true crystallinity is almost certainly intermediate between these 
estimates. Micrographs show that crust formation is not complete for 
product Vi (6 hours) the surface of which is scattered with small 
crystals of 1 Jim. Internal crystals of 6-8 pin are seen after 24 
hours which, in the later stages of reaction (V4, V5), aggregate to 
form rounded intergrowths of around 80 pm. 
Results for attrition testing of the coarse fraction of the 
Kieselgel products, using the conditions described in Chapter 2, are 
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shown in Figure 6.1. As the synthesis time increases the products 
become weaker as might be expected due to the increased void 
fraction as crystallisation proceeds. 
The products synthesised from Shell spheres were seen to have a 
finely crystalline crust (crystal length around 1 )um). The fines 
fraction consists of 20pm aggregates of similar small crystals. The 
product of the aluminous system appeared to be amorphous when 
analysed by XRPD, but SEM detected both a crust of small crystals 
and larger, rounded crystals of 4O-5O , im. 
6.4 Conclusions 
It has been shown that pseudomorphs of silicalite and ZSM-5 can be 
successfully synthesised in static, as well as stirred systems. The 
form of silica most suitable for pseudomorphic transformations 
varies according to the type of reactor used. In static systems the 
obvious features of the most successful silica reagents were their 
regular (spherical) morphology and the 15nm pores which they 
contained. Kieselgel, which is irregular in shape and contains pores 
of 6 run, did not form silicalite/ZSM-5 pseudomorphs in static 
systems under any of the conditions investigated. 
The general appearance of pseudomorphs synthesised in static systems 
is very similar to those from stirred reactions but the sizes of 
both the internal and external crystals are very much larger in 
static syntheses. This is accounted for by the lower nucleation 
expected in static systems where reagent supply is 
diffusion-limited. Nucleation and the degree of crystal growth 
required for the formation of an interlocked crust are crucial in 
determining whether formation of pseudomorphs is possible in a 
reaction. These factors account for the failure to synthesise 
pseudomorphs from Kieselgel 60 in static systems. 
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Table 6.1 Results for Silicalite Products Synthesised in Static 
Systems 
Pun Silica Preheated Reaction XRPD TG 
No source time/d % Cryst fines QF 	% Cryst* 
RI Kieselgel No 2 13 3.4 4 - 
P2 Kieselgel No 5 75 33.7 2 - 
R3 •Kieselgel No 10 95 42.1 2 - 
P4 Kieselgel No 15 97 40.7 2 - 
R5 S970A No 2 6 0.0 - - 
P6 S970A No 5 24 3.9 6 - 
R7 S970A No 10 - 35.3 - - 
RB S970A No 15 - 35.4 - 96 
P9 S970B No 2 5 0.0 - - 
RiO S970B No 5 - 8.7 - - 
RII S970B No 10 89 48.9 1.8 - 
P12 S970B No 15 - 32.0 - 94 
P13 S980A No 2 < 0.9 - 10 
R14 S980A No 5 15 0.9 17 17 
P15 S980A No 10 37 14.8 3 41 
RiG S980A No 15 23 41.9 0.5 48 
P17 S980B No 2 < 0.0 - 8 
P18 S980B No 5 21 5.5 4 24 
P19 S980B No 10 48 39.8 1.2 90 
R20 S980B No 15 70 47.1 1.5 70 
P21 S980A 300°C dry 2 5 0.9 6 10 
R22 S980A 300°C dry 5 16 3.7 4 33 
R23 S980A 300°C dry 10 21 31.9 0.7 31 
P24 S980A 300°C dry 15 48 40.9 1.2 29 
P25 S980A 300°C wet 2 7 0.0 - 16 
P26 S980A 300°C wet 5 17 4.3 4 30 
P27 S980A 300°C wet 10 29 25.2 1.2 37 
P28 S980A 300°C wet 15 42 30.7 1.4 49 
* Estimation of crystallinity from thermal analysis results was 
carried out as described in Chapter 4 
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Table 6.2 Results for ZSM-5 Products Synthesised in Static Systems 
Run Silica 8i02/A1203 Preheating Reaction IRPD I TG 
No source temperature tiue/d Cryst fines QF Cryst 
81 8980k 60 300°C 2 ( 1.6 - 27 
82 8980k 60 300°C 5 ( 0.0 - 32 
83 8980k 60 300°C 15 12 4.0 3 34 
84 3980k 60 300°C 20 18 1.6 11 52 
35 8980k 120 300 0 C 2 ( 0.0 - 23 
86 3980k 120 300°C 5 10 2,7 4 28 
87 8980A 120 300°C 10 31 8.7 4 46 
S8 8980k 120 300°C 15 40 22.0 2 54 
$9 $980A 240 300°C 2 3 1.7 1.8 16 
810 3980k 240 300°C 5 11 5.4 2,0 28 
Sit 8980A 240 300°C 10 25 13.4 1.9 41 
512 8980k 240 3004 15 39 21.8 1.8 47 
$13 8970k 240 65°C 2 5 - - - 
514 3970k 240 65°C 5 - - - - 
815 8970k 240 65°C 10 64 - - 
816 8970k 240 65°C 15 84 46.5 1.8 90 
817 8970B 240 65°C 2 ( - - 
S18 8970B 240 65°C 5 - - - 
319 89708 240 65°C 10 - - - 83 
320 39708 240 65°C 15 84 47.4 1,8 86 
321 8980k 240 65°C 2 - - - 
$22 3980k 240 65°C 5 11 - - 24 
823 89801 240 65°C 10 48 - - 64 
824 8980k 240 65°C 15 21 27,4 0.8 50 
325 89808 240 65°C 2 ( - - - 
826 89808 240 65°C 5 19 - - - 
827 89808 240 65°C 10 64 - - 67 
328 8980B 240 65°C 15 72 54.7 1.3 - 
$29 Kieselgel 240 65°C 2 18 3.8 5 - 
$30 Kieselgel 240 65°C 5 76 31.3 2 - 
$31 Kieselgel 240 65°C 10 93 38.1 2 - 
$32 Kieselgel 240 65°C 15 94 53.2 1.8 102 
sample insufficiently crystalline for measurement 
PAGE 230 
Table 6.3 Results for Static Reactions in which the Water Content 
of the Reaction Mixture was varied, carried out over 5 days at 1500C 
Run No of Reaction Final XRPD 
No y w impregnations 	time/d pH % Cryst Fines QF 
Ti 10 250 1 5 11.542 26 24.7 1.1 
T2 10 minimum 1 5 11.566 24 19.5 1.2 
T3 5 1000 1 5 11.362 20 13.9 1.4 
T4 5 250 1 5 11.588 21 22.5 0.9 
15 5 minimum 1 5 - 25 17.6 1.4 
T6 10 1000 multiple 5 11.329 24 16.4 1.5 
T7 10 250 multiple 5 11.568 26 21.6 1.2 
TO 10 minimum multiple 5 - 16 23.8 0.7 
T9 5 1000 
Ti0 5 250 
Til 5 minimum 
y = piperazine co 
w = water content 
Si02 = Kieselgel 
multiple 	5 	11.040 
multiple 5 11.527 
multiple 	5 	- 
ritent of reaction mixture 
of reaction mixture 
27 	10.5 	3 
28 19.4 1.4 
26 	24.3 	1.1 
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Table 6.4 Results for Syntheses in Tumbled Reactors at 150 0 
Run Silica Reaction XRPD TG 
No source x time % Cryst Fines QF % Cryst 
Vi Kieselgel 0 6h - 0.4 - 13 
V2 Kieselgel 0 id 19 14 1.4 31 
V3 Kieselgel 0 2d 62 40.8 1.5 - 
V4 Kieselgel 0 Sd 55 60 0.9 - 
V5 Kieselgel 0 lOd 36 31 1.2 78 
V6 S980A 0 6h < 0.0 - - 
V7 S980A 0 id < 32.9 - - 
V8 S980A 0 2d 92 94.3 1.0 - 
V9 S980A 0 5d 92 100 0.9 - 
VIO S980A 0 lOd 93 100 0.9 - 
Vii S980A 0.33 lOd < 60 - - 
x = concentration of A1203 in reaction mixture 
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Figure 6.1 % Break-up during Attrition Testing of Kieselgel 
Products from Tumbled Reactors 
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PLATE 14 MICROGRAPHS OF SILICALITE PRODUCTS SYNTHESISED FROM 
KIESELGEL IN STATIC SYSTEMS 
A Product Ri, synthesis time = 2 days. Overall particle 
morphology. Magnification x 136. 
B : Product Ri, synthesis time = 2 days. Morphology of particle 
surface. Magnification x 550. 
C : Product P2, synthesis time = 5 days. Overall particle 
morphology. Magnification x 131. 
D : Product P2, synthesis time = 5 days. Morphology of crystalline 
area of particle surface. Magnification x 2010. 
E : Product P3, synthesis time = 10 days. Intergrown crystals 
representing overall product morphology. Magnification x 1220. 
F : Product PA, synthesis time = 15 days. Overall product 
morphology. Magnification x 296. 
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PLATE 14 
PLATE 15 MICROGRAPHS OF SILICALITE PSEUDONORPHS SYNTHESISED FROM 
SHELL SPHERES S980A AND S980B IN STATIC SYSTEMS 
A Product P8, S970A, synthesis time = 15 days. Overall particle 
morphology. Magnification x 36.1. 
B : Product P8, S970A, synthesis time = 15 days. Patch on particle 
surface. Magnification x 173. 
C : Product R8, 5970A, synthesis time = 15 days. Broken particle. 
Magnification x 43.0. 
D Product P12, S970B, synthesis time = 15 days. Cross section of 
crust. Magnification x 265. 
E : Product P12, 5970B, synthesis time = 15 days. Surface crystals. 
Magnification x 698. 
F : Product P12, S970B, synthesis time = 15 days. Broken fragment. 
Magnification x 300. 
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PLATE 16 : MICROGRAPHS OF SILICALITE PSEUDOMORPHS SYNTHESISED FROM 
SHELL SPHERES S980B IN STATIC SYSTEMS 
A : Product P17, synthesis time = 2 days. Crust fragment breaking 
away from particle surface. Magnification x 347. 
B : Product P17, synthesis time = 2 days. Crystals on particle 
surface. Magnification x 1390. 
C : Product P19, synthesis time = 10 days. Crystalline surface. 
Magnification x 212. 
D : Product P19, synthesis time = 10 days. Broken particle. 
Magnification x 24.9. 
E : Product P20, synthesis time = 15 days. Overall particle 
morphology. Magnification x 26.2. 
F : Product P20, synthesis time = 15 days. Particle morphology 
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PLATE 16 
PLATE 17 MICROGRAPHS OF PRODUCTS SYNTHESISED FROM SHELL SPHERES 
S980A IN STATIC SYSTEMS AND WITH ALUMINOUS REACTION MIXTURES 
A Product S2, Si02/A1203 = 60, synthesis time = 5 days. Crystals 
on particle surface. Magnification x 3500. 
B : Product S3, Si02/A1203 = 60, synthesis time = 15 days. 
Crystalline surface. Magnification x 932. 
C : Product S3, Si02/A1203 = 60, synthesis time = 15 days. Broken 
particle showing internal crystals and crust cross-section. 
Magnification x 112. 
D : Product Sli, S102/A1203 = 240, synthesis time = 10 days. 
Crystalline surface. Magnification x 753. 
E : Product Sil, SI02/A1203 =240, synthesis time = 10 days. Broken 
particle. Magnification x 194. 
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favours ZSM-11 formation, the reagent mixture, and the structure 
directing agent in particular, are not the critical factors in 
determining whether ZSM-5 or ZSM-11 will form. Jablonski, Sand and 
Gard(25) observed that the formation of ZSM-5/ZSM-11 in a single 
reaction system was temperature dependent. At lower temperatures 
ZSM-11 was formed then, as the reaction temperature was increased, 
intergrowths containing increasing amounts of ZSM-5 resulted until 
the reaction product was the more stable ZSN-5. The temperature at 
which this transition occurs is dependent upon the system used. The 
structural similarity between ZSM-11 and ZSM-5 suggests that ZSM-11 
may be a suitable candidate for pseudomorphic synthesis although, 
during a reaction of this type, the ZSM-5/ZSM-11 balance may be 
tipped in favour of ZSM-5. 
Investigations into the formation of ZSM-11 pseudomorphs were 
carried out with the reaction mixture composition: 
20 Si02 . 0.083 A1203 . 10 PIPZ . 2 TBABr . 1000 H20 
where Si02 = Kieselgel, A1203 = decomposed aluminium nitrate, PIPZ = 
Piperazine and TBABr = Tetrabutylammoniuin bromide. Details of all 
reagents are given in Chapter 2. The total weight of reagents was 
400g. Prior to reaction the silica gel was impregnated with 
aluminium nitrate solution according to the procedure described in 
Chapter 4, aged in a sealed plastic bottle for 2 hours and then 
heated to 300°C for 2 hours to decompose the nitrate. The gel was 
then placed in the reaction vessel, to which the other reagents were 
added immediately prior to reaction. The reaction was carried out in 
a stainless steel autoclave at 150°C and stirred at 50 rpm for 10 
days. When the washed and dried product was sieved through a 100 
mesh (0.15mm) sieve the fines content was found to be 11.2%. The 
aggregate fraction was both crystalline and pseudomorphic but XRPD 
analysis showed that the structure which had crystallised was ZSM-5 
rather than ZSM-11. The diffraction patterns of ZSM-5, ZSM-11 and 
the pseudomorphic product are shown in Figure 7.1. 
It can be concluded that, under the conditions described, ZSM-5 
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forms in preference to ZSM-11 despite the use of the TBABr template. 
This is consistent with the work of Sand et al(25). However it seems 
likely that further investigation would reveal conditions under 
which ZSM-11 pseudomorphs could be synthesised. 
7.2.2 Zeolite EU-i 
Synthesis of the zelite EU-i was first reported by Casci, Lowe and 
Whittam( 27 ). The structure of this material(28) is described in 
Chapter 1. 
Two methods were used in attempts to synthesise pseudomorphs of 
EU-1. The first of these was based on the reagent mixture described 
by Casci, Whittam and Lowe(150) and used the composition: 
60 Si02 . 1 A1203 	10 Na20 . 10 HexBr2 . 3000 H20 
where Si02 = Kieselgel and HexBr2 = hexamethoniuin bromide. Details 
of all reagents are given in Chapter 2. A total weight of 400g was 
used. The NaOH and aluminium wire were dissolved in 35g of distilled 
water and the hexamethonium bromide in a further 250g of water. 
Immediately prior to reaction the two solutions were mixed and 
added, with the remaining water, to the silica gel in the reaction 
vessel. The reaction was carried out in a stainless steel autoclave 
over 3 days at 170°C and with a stirring speed of 50rpm 
The second reagent mixture was similar to that used in the synthesis 
of ZSM-5 pseudomorphs and had the composition: 
20 Si02 . 0.66 Al(NO3)3 . 10 PIPZ . 2 HexBr2 . 1000 H20 
where Si02 = Kieselgel, PIPZ = Piperazine and HexBr2 = hexamethonium 
bromide. Details of reagents are given in Chapter 2. The total 
weight of reagents was 400g. An aqueous solution of aluminium 
nitrate and a second solution containing the piperazine and 
hexamethonium bromide were made up, mixed together and added to the 
silica gel immediately prior to reaction. A synthesis time of 5 days 
was used with a temperature of 170°C and a stirring speed of 50 rpm. 
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The product of the latter reaction was (not surprisingly) completely 
amorphous. When the reaction mixture of the type described by Casci, 
Whittam and Lowe( 150 ) was used, however, a crystalline product 
resulted. The diffraction pattern of this product is shown in Figure 
7.2 and values of 20 and d-spacings are given in Table 7.1 for both 
this material and EU-1, as reported by Casci, Lowe and Whittam( 27 ). 
These measurements confirm that the crystalline product is EU-1, 
although a small amount of a contaminant material also appears to be 
present. The fines content of the product was only 9.4%, and this, 
together with the results from the XRPD analysis, indicates that 
crystallisation to pseudomorphs of EU-i occurs successfully. The 
morphologies of both the pseudomorphs and the individual crystals 
were examined by SEN and are shown in Plate 18. The product is 
clearly pseudomorphic but the surface crystals are very small and 
their morphology cannot be clearly distinguished. Within the 
particles many crystals of around 2 1im in length and of the typical 
ellipsoidal morphology of EU_1(1 50 ) can be seen. On the interior 
surface of the crust, however, these crystals appear to be overlaid 
by an intergrown mat of very long, fibrous crystals of width 1 pm 
and length 10-30jnn. These may be associated with the unassigned 
peaks seen in Table 7.1 and Figure 7.2. 
The successful synthesis of pseudomorphic EU-i confirms that 
structures other than MFI can be synthesised in this form. 
Optimisation of conditions for pseudomorphic synthesis of EU-i was 
not undertaken as part of this study. 
7.2.3 Zeolite Nu-10 
This zeolite is variously known as Nu-10( 151 . 152 ), theta-1( 31 ), 
ZSM-22( 153 ), KZ-2( 154 ) and ISI-1( 101 ). Nu-10 has been synthesised 
from mixtures containing a variety of amines and alkali metals, such 
as K+, Na+, Cs+ and Rb+. In a recent publication by le Febre, 
Kouwenhoven and van Bekkuin( 7 9), the requirement for formulations to 
be carefully chosen if the desired structure is to result was 
PAGE 241 
highlighted. They found that many of the syntheses reported by other 
workers to give Nu-10 gave products which were contaminated with 
a-crjstobaljte or ZSM-5, and that at times ZSM-5 was obtained as the 
pure product. Factors found to have an important influence on the 
product nature included the OH-/Si02 ratio. In the system studied 
relatively pure Nu-10 was produced only in the range OH-/Si02 = 
0.04-0.08. Higher and lower 0H/Si02 ratios gave Nu-10 which was 
contaminated with both a-cristobalite and ZSM-5 in varying 
proportions. The identity of the cation was also influential and 
affected the Si/Al ratio over which successful synthesis occurred. 
Na+ was successful for Si/Al = 28 - 85 while K+ gave pure Nu-10 
products over the range Si/Al = 8 - 11.5. The latter range is very 
different from that of Si/Al = 12.5 - 250 which had previously been 
reported( 152 ). Using triethylenetetramine (TETA) as template it was 
shown that when the ratio of Si/Al was increased both cations gave 
a-cristobalite, which was associated with ZSM-48 in the case of K+. 
In mixtures containing Na+, as the Si/Al ratio decreased the 
proportion of ZSM-5 in the product increased until, for ratios of 
<26.8, pure ZSM-5 resulted. 
The reaction mixture upon which the studies reported here have been 
based was reported by Araya and Lowe(151) who described Nu-10 
synthesis from a reagent mixture of the composition: 
5 N0 . x A1203 . 60 Si02 . 20 C6DM . 3000 H20 
where M = Na-'- or K+, Si02 = fumed silica, C6DM = hexane-1,6-diämine 
and A1203 is from alumina trihydrate. They( 151 ) used a temperature 
of 180°C and a stirring speed of 300 rpm. The ideal value for x was 
found to be 0.35, which gave highly crystalline Nu-10 products for 
both K+(100%) and Na+(85%). A decrease in the Al content led to 
ZSM-48 formation while an increase resulted in reduced crystallinity 
and product contamination with materials such as ferrierite. 
In the time available, a systematic study of the conditions most 
favourable for pseudomorphic synthesis of Nu-10 was not possible. 
The synthesis mixture described by Araya and Lowe was used, with 
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Kieselgel as the silica source. Alumina trihydrate, aluminium wire 
and aluminium nitrate were used in separate experiments as the 
source of aluminium. When aluminium wire or alumina trihydrate was 
the Al source this was dissolved in a solution of alkali metal 
hydroxide, an aqueous solution of hexane-1,6-diamine was also 
prepared and the two solutions were added to the silica 
simultaneously immediately prior to reaction. The procedure used 
with aluminium nitrate was rather different as this was impregnated 
into the gel by the incipient wetness technique described in Chapter 
4. The gel was then dried for 3 hours at 65°C. Aqueous solutions of 
alkali metal hydroxide and hexane-1,6-diamine were added to the gel 
immediately prior to reaction. All reactions were carried out at 
150°C and stirred at 50 rpm. Other conditions are given in Table 
7.2. It can be seen that only one of the reactions gave Nu-10, and 
that even in this case (W2) the product was mixed with ZSM-5. In 
reactions W1-W3 the Si/Al ratio was 86 (x = 0.35). According to the 
trends reported by le Febre and coworkers(79), under their reaction 
conditions this Si/Al ratio would be too high for Nu-10 
crystallisation and the expected products would be 
a-cristobalite/ZSM-48 for the K+ system and a-cristobalite for the 
Na+ system. However in the present work the reaction conditions 
favoured ZSM-5. In reaction W4, the Si/Al ratio was reduced to 43 
(i.e. within the range reported(79) to give Nu-10 with Na+). With 
C6DM as template, used under the conditions for pseudomorphic 
synthesis (temp = 150°C, stirring speed= 50rpm) the product was 
substantially amorphous but contained a small amount of ZSM-5 plus 
an unknown material. The diffraction data for these products is 
given in Table 7.3 and the diffraction pattern for the product of 
run W2 is further shown in Figure 7.3. 
Araya and Lowe(151) reported that when a fumed silica (Cab-o-sil M5) 
was used under the synthesis conditions described for reactions 
W1-W3, but with a stirring speed of 300rpm, good crystalline samples 
of Nu-10 were obtained. Hence it seems that the failure to 
synthesise pseudomorphic Nu-10 is associated with the size of the 
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silica particles (and possibly the stirring speed) and the effect 
which this may have on silica dissolution and on the OH-/Si02 ratio 
in solution. As Nu-10 synthesis is known to be sensitive to changes 
in reaction conditions, the possibility of successful synthesis of 
Nu-10 pseudomorphs should not be ruled out because of the 
unsuccessful results reported here. With further investigation, 
suitable conditions for the synthesis of pseudomorphic Nu-10 may 
well be found. Slight adjustment to the conditions used for reaction 
W2, the product of which contained both Nu-10 and ZSM-5, might 
result in a pure pseudomorphic Nu-10 product. 
7.2.4 Zeolites A and X 
Patel and Sand( 84 ) reported the synthesis of pseudomorphs of 
zeolites A, B and HS of up to 100% crystallinity and also referred 
to a previous synthesis of pseudomorphic faujasite-type zeolites 
from sodium aluminate particles. The products of these reactions 
were not of gel particle-type morphology but consisted of aggregates 
of small, highly intergrown crystals. Here a brief investigation 
into the potential formations of gel particle-type pseudomorphs of 
zeolites A and X is reported. The structures of these zeolites both 
contain beta cages which in zeolite A are linked via the double 
4-rings and in zeolite X (faujasite structure) via the 6-rings. This 
difference results in A being a small pore zeolite while X is a 
large pore zeolite. Both exist as high alumina zeolites and attempts 
to synthesise pseudomorphs of such structures from both silica and 
alumina particles are described here. 
For the present investigation the reaction mixture compositions were 
based on those used by Charnell( 155 ) for the preparation of large 
crystals. This procedure( 155 ) involved the preparation of a silicate 
solution from bOg sodium metasilicate (Na2SiO3.9H20) dissolved in 
lOOmi triethanolamine and 700ml water, and an aluminate solution 
from 40g (for zeolite X) or 80g (for zeolite A) sodium aluminate 
dissolved in lOOmi triethanolamine and 700nil water. These solutions 
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were thus of the approximate compositions: 
1.5 Na2SiO3.9H20 . 3 triethanolamine . 160 H20 
x NaA102 . 3 triethanolamine . 160 H20 
where x = 2 for zeolite X or 4 for zeolite A. These solutions were 
mixed to form a gel which was crystallised at temperatures of 75 to 
100°C over periods of up to 3 weeks, according to the nature of the 
desired product. 
Although this preparation was used as the basis of the reactions 
described here, for pseudomorphic synthesis it was necessary to 
alter some of the reagents to allow either Kieselgel or alumina 
extrudates to be used. Harshaw Al-3996R ring-shaped alumina 
extrudates were supplied for these reactions via ICI plc. In each 
reaction either the sodium metasilicate or sodium aluminate was 
replaced by a combination of silica or alumina particles, sodium 
hydroxide and water such that the molar ratios given above were 
maintained. Quantities were adjusted to give a total reagent weight 
of 400g. 
Synthesis of zeolite A pseudomorphs was attempted using both 
Kieselgel and Harshaw alumina extrudates but only the alumina 
extrudates were used in the synthesis of zeolite X pseudomorphs. All 
reactions were carried out in autoclaves stirred at 50 rpm and at a 
temperature of 100°C. Details of the products are given in Table 
7.4. Each product was calcined at 400°C overnight prior to 
examination by XRPD. 
The only reaction in which the desired product was synthesised was 
W5, in which Kieselgel particles were reacted in a zeolite A 
mixture. The product contained substantial quantities of amorphous 
material and, as can be seen from the diffraction pattern in Figure 
7.4, an extra peak was seen at 29 = 13.820. This was a strong 
reflection but identification of its source has not been possible. 
The product consisted of over 50% fines and SEM confirmed that a 
large proportion of the silica particles had broken up and not 
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reacted pseudomorphically. Spherical, ball of wool aggregates of 
crystals were seen and are shown in Plate 19. 
When the alumina extrudates were used the products were of very low 
crystallinity. The product of the zeolite A reaction mixture (W6) 
contained a mixture of analcime and an unidentified material. The 
diffraction pattern of W6 is shown in Figure 7.5. Peaks assigned to 
analcime are indicated and the 29 values and d-spacings of the 
unknown material are listed in Appendix 2. The proportion of fines 
in the product was >90%. SEN analysis showed that the alumina 
particles had entirely broken up to produce flakes of 500 pm in 
diameter. Close inspection of these fragments revealed that they 
were composed of aggregates of radiating crystals of up to -5 ,um, as 
shown in Plate 19. The product of the zeolite X reaction mixture 
(W7) was again substantially amorphous, as can be seen in Figure 
7.6. A small amount of crystalline material was present. This was 
not identified but the broad lines in Figure 7.6 indicate that the 
crystals are very small. The 29 values and d-spacings for this 
material are listed in Appendix 2. The product contained 50% fines 
and SEN analysis confirmed that the alumina particles were 
substantially broken up. No obvious crystallinity could be 
identified. 
Further investigations into the crystallisation of pseudomorphic 
forms of these aluminous zeolites would be worthwhile. Partial 
success in the synthesis of zeolite A pseudomorphs from Kieselgel 
has been achieved and there is no reason to believe that conditions 
which enable the synthesis of pseudomorphs of pure zeolite A (and 
possibly zeolite X) cannot be found. Synthesis from alumina 
extrudates is evidently not successful under the conditions used for 
Kieselgel but again, further investigation may bring success. 
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7.3 Synthesis of Pseudomorphic Silica Molecular Sieves 
7.3.1 Silica-Nu-10 
Two investigations into the synthesis of silica-Nu-10 have been 
reported(98156). Marler( 156 ) found that mixtures of Nu-10 with 
silicalite or a clathrasil were often produced and that both the 
synthesis temperature and the shape of the guest molecule were 
important in determining the outcome of the reaction. In a recent 
publication Franklin and Lowe( 9 6) report that although many amines 
can be used in the synthesis of aluminous Nu-10, few are suitable 
for the synthesis of silica-Nu-10. Diethylamine was considered to be 
the best of those which can be used successfully and they describe 
investigations into Nu-10 synthesis from the composition: 
20 S102 . x DEA . y NaOH . w H20 
where x = 20, 50 or 100; y = 0-10; w = 250, 500 or 1000 and DEA = 
diethylamine. Temperatures of between 95 and 1800C were used. In 
both static and stirred (300 rpm) systems lower temperatures often 
produced silicalite and/or magadiite. Silicalite was often seen in 
static reactions but not when they were stirred. At temperatures of 
150 and 1800C Nu-10 was the only molecular sieve formed although 
cristobalite and Kenyaite were also seen. Several factors resulted 
in an increase in crystallisation rate; these included addition of 
NaOH to the reaction mixture, increased DEA concentration, and 
decreased H20 content. Stirring also increased the crystallisation 
rate but also resulted in a tendency to overrun to cristobalite and 
for material to cake onto the stirrer and the vessel walls. 
The reagent composition used to investigate the synthesis of 
pseudomorphic silica-Nu-10 synthesis was based on the reactions 
described by Franklin and Lowe( 98 ) and was: 
20 Si02 . 100 DEA . 0.5 NaOH. 1000 H20 
where Si02 = Kieselgel and DEA = diethylamine. Details of reagents 
are given in Chapter 2. The total weight of reagents was 350g. The 
PAGE 247 
diethylamine was weighed out, the NaOH added and then the two 
components were dissolved to give an aqueous solution. This solution 
was added to the silica gel particles. The reaction was carried out 
in an autoclave at 150°C for 5 days. Stirring speeds of 50 and 300 
rpm were used but in each case at the completion of the reaction it 
was found that >80% of the solid material had formed a crust just 
above the surface of the reagent solution. This was more severe for 
the faster stirring speed, resulting in the removal of >90% of the 
solid from the reaction mixture. Of the remaining material from the 
reaction stirred at 50 rpm, 22.4% was fines. In each case XIPD 
analysis showed that the crystallinity present was ZSM-5. Although 
the transfer of much of the solid material to form a crust can be 
avoided by the use of static conditions it is unlikely that 
pseudomorphic synthesis will be achieved in such a system. It is 
therefore clear that the synthesis of silica-Nu-10 pseudomorphs will 
be difficult and will require very carefully chosen conditions. 
7.3.2 Silica-ZSM-48 
Preparation of ZSN-48 is generally carried out from a reaction 
mixture containing a silica source, an amine or diamine, an alkali 
metal oxide and (when required) an alumina source(157). Both Araya 
and Lowe(1 5 1) and le Febre and coworkers(79) observed ZSM-48 
formation during attempts to synthesise Nu-10. Araya and Lowe(158) 
describe the synthesis of EU-11 (ZSM-48) from a reaction mixture 
containing hexane-1,6-diamine in the absence of alkali metal 
cations. Spherical agglomerates of needle-shaped crystals were 
produced. They observe that formation of this structure is favoured 
by a high silica/alumina ratio and describe the synthesis of an 
aluminium-free material from a reaction mixture of composition: 
60 Si02 . 20 C6DM . 3000 H20 
where C5DN = Hexane-1,6--diamine. 
Synthesis of pseudomorphic silica-ZSM-48 was attempted from a 
reaction mixture of similar composition, viz: 
PAGE 248 
20 Si02 . 10 C6DN . 1000 H20 
where C5DN = hexane-1,6-diamine and Si02 = Kieselgel. Details of 
reagents are given in Chapter 2. The hexane-1,6-diamine and water 
were mixed together and added to the silica immediately prior to 
reaction. Three reactions were carried out. Conditions and results 
for the products are reported in Table 7.5. When a stirring speed of 
50 rpm was used a large proportion of the solid product coated the 
vessel walls at reaction temperatures of both 150 and 180°C. In each 
case analysis by XRPD showed that both this material and the 
remaining product were composed of ZSM-48. Figure 7.7 shows the 
diffraction pattern for the aggregate portion of product W8. By 
increasing the stirring speed the silica was prevented from 
depositing on the vessel walls. The product was again ZSM-48 and 
contained almost 50% fines. SEN showed that the product consisted of 
smooth, rounded particles which were substantially holed. 
It can be concluded that a pseudomorphic form of silica-ZSM-48 has 
been synthesised. The nature of this product is, however, far from 
ideal and a substantial degree of improvement should be possible. 
7.4 Conclusions 
Of the attempted pseudomorphic syntheses described in this chapter 
several have been at least partially successful. The most notable 
success was the synthesis of pseudomorphic EU-1, but there are 
indications that zeolites Nu-10 (aluminous), A and ZSM-48 will form 
pseudomorphs if the correct conditions are used. It is possible, 
therefore, that with further investigation conditions suitable for 
the pseudomorphic synthesis of many zeolite structures might be 
discovered. 
The most essential requirement for pseudomorphic synthesis is that 
crystallisation conditions must enable rapid crystallisation, 
despite the degree of inhomogeneity of these systems. The degree to 
which an organic species directs to a given structure is therefore 
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influential in determining whether pseudomorphs can be synthesised. 
In the synthesis of EU-1, the structure directing influence of 
hexamethoniuin bromide is very strong. The role of TPABr in ZSN-5 
synthesis is similar, and as these are the two materials which have 
been most successfully synthesised in pseudomorphic form, it may be 
concluded that the influence of the structure directing agent is a 
major factor in pseudomorphic syntheses. 
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Table 7.1 Diffraction Data for Zeolite EU-1( 27 ) and Pseudomorphic 
Product from EU-i System 
EU-i (Patent) Pseudomorphic Product 
(as made form) (calcined form) (as made form) 
28 d /X I/b 28 d IX 1/10 26 d /A 1/10 
8.01 11.03 vs 7.96 11.11 vs 7.95 11.12 s 
8.75 10.10 m 8.82 10.03 vs 8.73 10.13 s 
9.09 9.72 w 9.04 9.78 w 9.08 9.74 w 
11.61 7.62 w 
12.94 6.84 w 12.94 6.84 m 12.90 6.86 vw 
15.11 5.86 vw 15.47 5.73 w 15.36 5.77 w * 15.67 5.66 w 
18.22 4.87 vw 
19.03 4.66 vs 19.30 4.60 vs 19.06 4.66 m 
20.60 4.31 vs 20.66 4.30 vs 20.59 4.31 vs * 21.40 4.15 w 
22.21 4.00 vs 22.40 3.97 vs 22.20 4.00 s 
23.27 3.82 s 23.60 3.77 s 23.27 3.82 m 
23.97 3.71 s 23.99 3.71 w 23.98 3.71 m 
24.53 3.63 vw 
* 24.9 3.58 w 
* 25.0 3.56 w 
* 25.3 3.52 w 
* 25.5 3.49 w 
25.89 3.44 m 26.06 3.42 m 26.00 3.43 w-m 
26.35 3.38 m 26.77 3.33 m 26.56 3.36 w-m * 27.20 3.28 m 
27.34 3.26 s 27.28 3.27 s 27.40 3.26 m 
27.62 3.23 m 
28.23 3.16 vw 28.34 3.15 w 28.30 3.15 w 
28.69 3.11 vw 29.09 3.07 w 28.92 3.09 w * 29.20 3.06 w 
30.18 2.96 vw 30.51 2.93 w 30.35 2.95 w 
33.04 2.71 vw 33.31 2.69 w 33.19 2.70 w 
34.09 2.63 vw 
* 34.6 2.59 vw 
34.92 2.57 vw 34.8 2.58 vw 
35.17 2.55 w 35.78 2.51 w 35.39 2.54 w 
36.20 2.48 vw 36.68 2.45 vw 36.35 2.47 vw 
37.13 2.42 vw 37.32 2.41 vw 37.26 2.41 w 
38.62 2.33 vw 38.82 2.32 vw 38.79 2.32 vw 
39.15 2.30 vw 39.35 2.29 vw 39.20 2.30 vw 
42.44 2.13 vw 42.86 2.11 vw 
vs = very strong 
S = strong 
m = medium 
w = weak 
vw = very weak 
* = peaks not assignable to EU-i 
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Table 7.2 Synthesis of Pseudomorphic Nu-10 at 1500C 
Run Al Alkali metal Reaction % 
No x source cation Time/d Fines Product 
Wi 0.35 A1203 .3H20 K+ 2 13.1* ZSM-5 + unknown 
W2 0.35 Al wire 2 16.3* ZSM-5 + Nu-10 
W3 0.35 A1203 .3H20 Na+ 2 64.8 ZSM-5 + unknown 
W4 0.70 Al(NO3)3.9H20 	Na+ 2 4.9 Amorphous + 
ZSN-5 + unknown 
* % fines measurement did not include material coating vessel walls 
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Table 7.3 Diffraction Data for Pseudomorphic Products from 
Nu-10 Systems 
Wi W2 W3 
29 1/10 26 1/10 29 I/I a 
7.88Z s 799Z s 7.872 rn-s 
8.13N s 




13.15Z w 13.142 w 
13.81Z w 13.812 w 
14.50Z w 14.57Z w 
14.70Z w 14.732 w 
15.40Z vw 15.422 ' 
15.802 vw 15.802 w 
W4 













































































































44.96 	w 	44.99 	vw 	44.99 
45.32 w 45.30 vw 45.38 
46.3 
47.2 
48.32 	vw 	48.42 	w 	48.38 
N indicates peak assigned to Nu-10 











Table 7.4 Pseudomorphic Reactions in Zeolite A and Zeolite X Systems 
Run Expected Solid Reaction % 
No product reagent time/d Fines Product 
W5 A Kieselgel 5 50 A + amorphous 
W6 A Alumina 5 91 Analcime + unknown 
W7 X Alumina 5 50 Unknown + amorphous 
Table 7.5 Pseudomorphic Reactions in ZSM-48 Systems 
Run Reaction Stirring Reaction Material on % Identity 
No temperature speed/rpm time/d walls / % fines (XRPD) 
W8 150°C 50 5 57 13.3* ZSM-48 
W9 180°C 50 5 77 26.1* ZSM-48 
W10 180°C 300 5 none 47.7 ZSM-48 
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Figure 7.2 XIWD Pattern of Pseudomorphic EU-i Product 





Figure 7.3 XRPD Pattern of Product W2 
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Figure 7.4 XRPD Pattern of Product W5 
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Figure 7.5 XRPD Pattern of Product W6 
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Figure 7.6 XRPD Pattern of Product W7 
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Figure 7.7 XRPD Pattern of Product W8 
PLATE 18 MICROGRAPHS OF PSEUDOMORPHIC EU-i PRODUCT 
A : Overall morphology. Magnification x 62.8. 
B : Particle surface. Magnification x 4260. 
C : Interior of particle. Magnification x 4260. 
D : Broken fragment. Magnification x 701. 
E Broken fragment. Magnification x 5690. 
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PLATE 18 
PLATE 19 : MICROGRAPHS OF PRODUCTS W5 AND W6 
A : Product W5, overall morphology. Magnification x 71.0. 
B : Product W5, morphology of pseudomorphic particle surface. 
Magnification x 4630. 
C : Product W5, internal surface of hollow shell. Magnification x 
1170. 
D : Product W5, iternal surface of hollow shell. Magnification x 
4630 
E : Product W6, overall morphology. Magnification x 34.8. 
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ZEOLITE SYNTHESIS BY SOXHLET EXTRACTION OF SILICA 
8.1 Introduction( 159 ) 
The potential advantages of zeolite synthesis by soxhiet extraction 
of silica were briefly described in Chapter 1. The essential feature 
of this synthesis method is that the silica is added gradually 
throughout the reaction time, predominantly as monomeric or other 
small, reactive species. Benefits which may result from this include 
increased control over the homogeneity of aluminous reaction 
mixtures and over the concentration and distribution of silicate 
ions in the reagent solution. A further potential advantage is the 
restriction of nucleation by controlled addition of silica. This, 
together with the continuous replenishment of growth nutrients 
should lead to the formation of large single crystals. A reduction 
in faulting might also be expected because of the slower crystal 
growth rate and the predominance of small silica species in the 
reagent solution. The latter will reduce the incorporation of 
unsuitable species on the crystal faces and should make it easier to 
obtain perfect crystals. The requirement that the reaction mixture 
should have a high pH may also be relaxed as a constant supply of 
silica in the form of small anions will be available irrespective of 
the pH of the reagent solution. Dissolution of the silica source 
outside the reactor vessel should avoid the problems which can 
result from the intimate mix of crystalline product with unreacted 
amorphous silica in standard synthesis procedures. Due to both the 
high reactivity of monomeric silica and the potential for reaction 
in systems of lower pH, it is also possible that the synthesis of 
new materials may be achieved. 
A description of the synthesis apparatus has been given in Chapter 
2. Silica is transferred to the reaction vessel as a dilute solution 
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of silicic acid through dissolution of the crystalline or amorphous 
silica source contained in the soxhiet thimble. The controlled 
addition of this solution to the reaction vessel gives a uniform 
distribution of fresh silica but, to avoid the creation of an 
increasingly dilute mixture, excess water must then be removed. 
Procedures such as reverse osmosis or electrodialysis could be used 
but in the reactions reported here the procedure adopted has been to 
recycle the water by condensation above the silica. It is returned 
to the reaction vessel via the soxhiet extraction apparatus which 
contains the source of silica. No change in the overall water 
content during the reaction is therefore involved although the 
composition of the reagent phase will still change continuously 
throughout the reaction due to the gradual addition of silica. This 
is of particular significance in the synthesis of aluminous products 
where the gradual addition of silica may mean that several 
crystallisation fields are traversed during a single reaction or 
that zoned crystals, in which the silica content increases towards 
the exterior, are produced. Such effects can be reduced by the use 
of a combined silica/alumina source, but they cannot be eliminated 
as silica and alumina have different dissolution rates. 
Three possible scenarios can be envisaged for the reaction mechanism 
in soxhiet systems: 
Nucleation is "instantaneous" and the rate of crystal growth 
exceeds that of silica addition. This would be ideal and should 
enable the growth of perfect crystals, free from amorphous 
impurities. 
Nucleation and growth are slow. Substantial amounts of amorphous 
silica form in the reaction mixture and the product is similar to 
that from a conventional system although the higher (metastable) 
concentration of monosilicic acid will result in faster 
crystallisation. 
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3. Nucleation is slow and crystal growth fast. Initially a highly 
reactive silicic acid gel will form which will be consumed during 
crystallisation of the zeolite. In this case the rate of 
crystallisation will ultimately be limited by the addition rate of 
the monosilicic acid. In this case formation of large crystals is 
less likely but other benefits associated with the slow addition of 
silica in a reactive form will apply during the later stages of 
reaction. 
Of the three possibilities, the first obviously gives maximum scope 
for the potential benefits of this synthesis method to be realised, 
while the second would be the least promising. In the studies 
reported below, two aspects of the soxhiet extraction synthesis 
method were investigated: firstly, the application of this method to 
aqueous reaction systems, which allowed the nature of soxhlet 
systems and the degree to which their potential benefits are 
realised to be assessed; and secondly, the extension of this method 
into the use of organic-based solvent systems. A brief discussion of 
current publications concerning the use of non-aqueous solvents in 
zeolite synthesis was given in Section 1.5. It is of note that to 
date synthesis in such systems has been dominated by a small number 
of structures, particularly sodalite. It was hoped that the use of 
the soxhlet extraction procedure might enable progress in this area. 
The use of this synthesis method with solvents of substantial 
organic content is discussed in Section 8.4. 
8.2 Experimental 
The apparatus in which these reactions were carried out has been 
described in Chapter 2. Because of the novel nature of these systems 
many of the essential requirements were discovered only during the 
course of the experiments described below. For example, much of the 
apparatus is, of necessity, made of glass and in the earliest 
reactions, glass stirrers and reaction vessels were used. These were 
found to participate actively as reagents, and consequently 
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stainless steel vessels and stirrer bars had to be constructed 
specifically for this application. Unfortunately, some incorporation 
of material still occurred, as will be reported in the following 
sections. If available, PTFE apparatus would be ideal for the 
circumvention of such problems. Further modifications to the basic 
equipment which were made in the course of these experiments include 
the modified soxhlet extraction apparatus described in Chapter 2 and 
the discontinuation, in later reactions, of the use of a stirrer 
bar. 
In reactions carried out in aqueous systems the silica was placed in 
the soxhiet thimble and an aqueous solution of all other reagents 
was prepared and transferred to the reaction vessel prior to 
synthesis. Organic-based reagent solutions were generally prepared 
by dissolution of NaOH and any other components (except silica) in 
the ethylene glycol (ethanediol). This solution was transferred to 
the reaction vessel, the soxhiet thimble filled with silica and the 
water added as the final step, via the condenser and soxhiet. In 
this way it could be confirmed that the quantity of water present 
was (at least initially) sufficient for filling and refluxing of the 
soxhiet. The volume of water required for discharge of the soxhiet 
thimble was approximately 30m1. Details of all reagents are given in 
Chapter 2. 
When the source of silica was Kieselgel, the total weight of silica 
held by the soxhiet thimble was 30g while the maximum weight of 
Cab-O-Sil which the thimble would hold was 3g (if added dry) or 6g 
(if added as a thick gel). In either case, it was necessary to 
replenish the thimble at frequent intervals (generally 10-12 days). 
Addition of Cab-O-Sil to the thimble as a thick gel was preferred 
both for convenience and because less frequent replacement was then 
required. When the thimble containing the silica was in place, the 
hot plate was switched on and regulated to give regular refluxing of 
solution through the soxhiet. During these reactions the requirement 
for sampling immediately after reflux was established (reaction SAl, 
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Table 8.1). Adherence to this procedure also ensures, as far as 
possible, that the solution in the vessel is always of maximum water 
content at the time of sampling. Temperature control was found to be 
both important and rather difficult. Rapid boiling of the solution 
was required to maintain a regular supply of silica to the vessel 
but if the optimum heating rate was exceeded the increase in the 
reagent solution temperature was such that on the return of solution 
from the soxhlet to the vessel very vigorous boiling resulted, the 
condenser efficiency was insufficient and water was lost from the 
system. This problem was encountered in many of the reactions 
described below. Ref lux rates which are quoted in the following 
sections are approximations as large variations were seen during the 
course of each reaction. The equipment used to sample the reagent 
solution was a plastic syringe to which a long piece of plastic 
tubing had been attached. This was inserted through one of the 
side-openings of the flanged lid, enabling a sample to be withdrawn. 
It should be noted that the major influence on reaction pH is the 
ratio of free base to silica and therefore in these reactions 
constant addition of silica from the soxhlet must be taken into 
account. Initially, all added silica will remain in solution, and 
the pH will decrease as the quantity of silica present increases. 
Formation of an amorphous solid phase will occur only when the 
proportion of silica present is such that the reagent solution is 
saturated with respect to this phase. When a solid phase is present, 
no further change in pH will be seen unless crystallisation occurs. 
The pH changes which then occur have the same origins as those in 
standard (non-soxhlet) crystallisations. At first there is a 
decrease in the solution pH due to incorporation of base within the 
crystallising structure. Then, as crystallisation of the available 
silica nears completion, control of the concentration of species in 
the reagent solution will pass from the amorphous phase (which is no 
longer present in sufficient quantity to maintain solution 
saturation) to the less soluble crystalline phase. The resulting 
rapid decrease in the concentration of solution silica species is 
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accompanied by a sharp rise in pH. In the soxhiet method 
modification of these effects will result from continued silica 
addition. 
It is unlikely that saturation of the ref luxing solution with 
monomeric silica occurs prior to its return to the reaction vessel, 
and therefore the use of Cab-o-Sil rather than Kieselgel was 
expected to result in an increased rate of silica transfer from the 
soxhiet thimble. In two otherwise "identical" reactions (SA3 and 
SA4, Table 8.1) use of these different silica sources caused no 
change in the rate of transfer. Two factors may account for this: 
firstly variation of the rate of reflux (both between reactions and 
also during the course of each reaction), which means that truly 
identical conditions cannot be assured and secondly, uncertainty in 
the time at which replenishment of the Cab-O-Sil was required. In 
some cases, no transfer was associated with periods of the reaction 
as no silica remained in the thimble. 
8.3 Aqueous Reaction Systems 
8.3.1 Synthesis of Silicalite-1 
The first reactions carried out in the soxhiet systems involved the 
synthesis of the silica molecular sieve silicalite-1. This is a 
relatively simple reaction system as no aluminium is present in the 
reaction mixture, thus changes in the Si/Al ratio throughout the 
synthesis need not be considered in explanation of observed effects. 
The composition of these reactions was: 
(20 Si02) . 2 TPABr . 10 PIPZ . 1000 H20 
where (20 Si02) = maximum proportion of silica (which would be 
reached at the end of reaction if it was allowed to run to 
completion), PIPZ = piperazine and TPABr = tetrapropylamnonium 
bromide. 
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Table 8.1 summarises the reactions which were carried out. In 
reactions SAl and SA2 glass flasks were used, with Kieselgel as the 
source of silica. SAl was stopped after only 1 day due to the 
coincidence of sampling from the vessel side-arm with the return of 
the cooler solution from the soxhlet to the vessel; this resulted in 
the loss of a large proportion of solution from the side-arm. The 
requirement for sampling to be carried out immediately after ref lux, 
to avoid a repetition of this incident, was noted for subsequent 
reactions. Reaction SA2 was then started. Samples of the reaction 
mixture were taken at intervals during the reaction. The presence of 
particulate material was apparent after around 1 day when the 
reagent solution became white and frothy. Examination by optical 
microscopy (ON) of samples taken during the first 24 hours of 
synthesis revealed small, irregular, transparent particles of 
amorphous silica but after 1 day particles of around 20 - 30 jun in 
size and of agglomerated appearance were seen to be predominant in 
the reagent solution. The individual particles of these agglomerates 
were of insufficient size for their nature (i.e. 
crystalline/amorphous) to be determined by OM. A second change in 
the solid phase was seen after 3 days when the solution was seen to 
contain large numbers of very small (1-2im) particles. The first 
sample for which XRPD analysis was carried out had a synthesis time 
of 9 days and the fine particles of 1-2 jam were identified as highly 
crystalline silicalite-1. The XRPD pattern for this sample is shown 
in Figure 8.1. Analysis of later samples revealed no apparent change 
in either the degree or the nature of the crystallinity while 
earlier samples contained insufficient solid material for X'RPD 
analysis. The total weight of silica transferred from the soxhlet 
thimble was 8.83g, but the degree to which this had been 
supplemented by material from the glass vessel and stirrer bar was 
not known. 
Already, certain conclusions can be made about the nature of 
synthesis by soxhlet extraction of silica. Firstly, synthesis of 
silicalite-1 by this method is possible. During the first 24 hours 
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of synthesis, an amorphous silica phase is formed in the reaction 
solution and therefore the first of the three possible reaction 
scenarios detailed in Section 8.1, which involves instantaneous 
nucleation, appears not to apply in this case. This is further 
supported by the observation that if nucleation were instantaneous 
then a small number of large crystals would be expected due to 
limited nucleation and subsequent favourable conditions for crystal 
growth. The product of reaction SA2 contained large numbers of very 
small crystals, suggesting that extensive nucleation occurred later 
in the reaction when a greater quantity of silica was present. The 
agglomerated material which was seen after synthesis times of 1-3 
days may be either an amorphous or a crystalline phase. Subsequent 
transformation to fine crystals suggests that it is amorphous 
although because of the novel nature of the reaction system it is 
unwise to make assumptions. XRPD of this phase would be required to 
confirm its identity. The XkPD patterns of all samples from 9 days 
onwards were essentially identical; this suggests that during this 
period crystallisation is controlled by the rate of silica addition 
(i.e. addition rate < crystallisation rate). One point which should 
be noted is that the rate of silica transfer was much greater for 
reaction SAl (1 day) than for SA2 (27 days). This can be at least 
partially explained by the different ref lux rates in these reactions 
but another factor is thought to be involved. Possible explanations 
include the initial transfer of very small silica particles (which 
would be consistent with the appearance of the solid seen during the 
first 24 hours of synthesis) or a decrease in silica solubility 
during the course of the reaction due to either a variation in the 
solubility of the silica particles contained in the thimble, or the 
transfer of small quantities of organic material from the vessel to 
the thimble during the reaction e.g. tripropylamine (b.p. 155-158°C) 
could be present as a contaminant in TPABr. The available evidence 
was insufficient for more than speculation about possible causes but 
it was hoped that further insight might be gained during subsequent 
reactions. 
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Reactions SA3 and SM were of the same overall composition as 
reaction SA2. Kieselgel was present in the soxhlet thimble in 
reaction SA3 while reaction SM used Cab-0-Sil as the silica source. 
Both reactions were carried out in stainless steel vessels and used 
steel stirrer bars. The total weight of reagents was 800g. The 
increase from 350 to 800g was made to reduce fluctuation in the 
solution temperature, concentration and pH during the filling and 
refluxing of the soxhiet (volume 30 ml). Although an increase in 
silica transfer rate was expected when Cab-O-Sil was used, the 
figures in Table 8.1 show that the average rate of transfer in 
reactions SA3 and SA4 was the same. Replenishment with Cab-0-Sil was 
required several times during reaction SA4 and on two occasions the 
thimble was found to be completely empty, thus for unknown periods 
during this reaction there was no silica transfer. The frequency of 
replacement established for subsequent reactions, in which 6g 
silica was initially added to thimble, was around 10-12 days . The 
weight of silica transferred was 21.88g (47% of prepared total) for 
SA3 and 12.67g (27% total silica) for SA4. The pH profiles for these 
reactions are shown in Figure 8.2. and are clearly very similar. The 
initial steep decrease over the first 5-6 days of reaction is 
thought to correspond to saturation of the reagent solution with 
silica followed by a sharp increase, attributed to the onset of 
crystallisation and removal of silica from solution. The subsequent 
slow decrease may be attributed to occlusion of TPAOH during further 
crystallisation of silicalite. Due to the constant addition of 
silica species the pH might be expected to decrease throughout the 
reaction. 
In both SA3 and SA4, the appearance of the solid material in the 
reaction vessel followed the pattern seen for reaction SA2: from 
amorphous (1-2 days) to agglomerated (5-7 days) to fine particles of 
1-2 ,pm. SEN micrographs of samples from both reactions are shown in 
Plate 20. After 7 days the solid in reaction SA3 is generally of 
agglomerated appearance, with indications of slight crystallisation 
while after 14 days crystallisation appears to be complete and the 
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product consists of spherical intergrow-ths of rounded, tablet-shaped 
crystals of up to 2 jim in length. )CRPD analysis was used to confirm 
the identity of crystalline phases and also, where sufficient 
material was available, to measure the degree of crystallinity of 
the samples. For reaction SA3, samples taken after 5, 14 and 82 days 
were analysed, but quantitative measurement was possible only for 
the 82 day sample. The 5 day sample was essentially amorphous, but 
showed traces of some of the peaks associated with silicalite-1 (NFl 
structure) and after a synthesis time of 14 days the XRPD pattern 
was clearly that of silicalite-1. After 82 days, when a quantitative 
trace was obtained, the silicalite product was seen to be highly 
crystalline, with no evidence of amorphous material. These 
observations support the tenuous conclusion reached after reaction 
SA2; that the synthesis of silicalite-1 involves an initial 
conversion from amorphous silica to a reactive gel phase of 
agglomerated appearance (as in the 5 day sample where only very 
slight traces of crystallisation to ZSM-5 were detected) prior to 
crystallisation of the silicalite-1 (as very small crystals of 1-2 
pm). It remains to be established whether consumption of the 
amorphous gel occurs rapidly and subsequent crystallisation is 
"amorphous free" but SEN results suggest that this is probably the 
case. 
SEM examination of samples taken from reaction SA4 after reaction 
times of 23, 33 and 50 days showed that each was composed of 
intergrown, squarish crystals, of sizes which increased from 1.4 19m 
(23 days) through 2 y (33 days) to 2.5 pm (50 days). The 23 and 33 
day samples showed very little variation in crystal size but after 
50 days long thin crystals of <ijim were also present. This 
morphology suggests that these crystals grew under less favourable 
conditions. Plate 20 shows the appearance of the 23 and 50 day 
samples. No amorphous gel was visible in any of the samples examined 
from reaction SA4, suggesting that during the period 23-50 days, 
crystallisation was, indeed, more rapid than the rate of silica 
addition. The 23, 33 and 50 day samples were all of sufficient bulk 
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to enable quantitative analysis and in each case the silicalite-1 
was highly crystalline with no evidence of an amorphous contaminant. 
The crystallinities (relative to the final product) as obtained by 
measurement of the area of the peak at 28 = 23.2 0 , are listed in 
Table 8.2 and can be seen to be essentially constant. The peak 
height was observed to increase with time, which is an effect 
associated with increased crystal size. 
Simultaneous thermal analysis was carried out on samples taken 
during the course of both reactions. Results for DTA and TG 
analysis, including estimates of sample crystallinities, are given 
in Table 8.3. It should be noted that all DTA peaks were reflected 
in the DTG traces and that effects are therefore genuine and not 
associated with an analysis phenomenon such as oxygen 
starvation(132). In reaction SA3, the samples taken after synthesis 
times of 5 and 7 days were essentially amorphous. Weight loss 
occurred across the entire temperature range of 20-9000C, 
corresponding to the loss of water from amorphous silica gel. After 
14 days, sample crystallinity showed a substantial increase and, as 
shown in Figure 8.3, the DTA trace contains a main peak at a 
temperature of 408°C with 2 smaller shoulders to higher temperature. 
After a synthesis time of 82 days, a single sharp exotherm is seen, 
as expected for silicalite-1(132), at a temperature of 459°C, which 
is higher than had previously been associated with other 
silicalite-1 products analysed by the same analysis procedure and 
using the same instrumentation(132). It should be noted that 
crystallinities estimated from the TGA traces (Table 8.3) are 
artificially high for early samples due to water loss over the 
temperature range 350-520°C. The agreement between results for the 
14 and 82 day products confirm that the solid phase was essentially 
fully crystalline for a large part of this reaction. When the 
samples taken during reaction SA4 were analysed, similar trends were 
seen and thermal analysis traces for these samples are shown in 
Figure 8.4. Two small DTA peaks, associated with a weight loss of 
around 5% were seen for a 6 day sample. The peak temperature was in 
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the range 360-480°C, but could not be measured accurately. After 
eight days both weight loss and DTA exotherms were larger and the 
temperature of the two exotherms were seen to be 377 and 461°C. In 
later samples the DTA trace showed a single sharp peak (with low 
shoulders to both high and low temperature for the 23 day sample, 
and to high temperature only for the 50 day sample). The temperature 
at which this peak occurred increased slightly from 438°C at 23 days 
to 4 1+80C at 50 days. During the course of soxhiet reactions the 
increased temperature of TPA decomposition shows that the ions 
become more strongly held by the silicalite framework. The range 
over which decomposition is seen also becomes narrower as synthesis 
proceeds. The cause of these effects has not been established but 
may be an effect associated with crystal size or in some way 
associated with the synthesis method itself. Decomposition 
temperatures are also much higher than expected and are in the range 
normally attributed to TPA associated with structural aluminium in 
ZSM-5. Crystallinities are again artificially high for the early 
samples where water loss over 350-520°C interferes with measurement 
but, with the exception of the 33 day sample (which is thought to be 
an anomalous result), the crystallinity of later samples is 
confirmed to be essentially unchanged with increased reaction time. 
During the later part of crystallisation, the reaction is therefore 
essentially "amorphous free". This is in agreement with observations 
made during XRPD and SEN analysis and supports the third of the 
mechanisms suggested for soxhiet synthesis. The TG weight losses 
over the range 0-350°C give a further indication of the amorphous 
content of each sample, as weight loss in this area is attributed to 
the loss of occluded, or other unbound water, and is highest when 
amorphous gel is present. During both reactions the proportion of 
weight lost decreased to values of <1%. 
In reactions SA5 and SA6, the causes of some of the effects observed 
during reactions SA3 and SA4 were investigated. In each case, the 
full quantity of silica (Kieselgel) was added to the reagent 
solution in a steel vessel at the beginning of the synthesis. In 
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reaction SA5, effects associated with soxhieting (i.e. fluctuations 
in temperature, pH and concentration of the reagent solution) were 
reproduced by condensing the water above a thimble which contained 
cotton wool, while in reaction SA6 the water was condensed directly 
above the reaction vessel. Reaction SA5 should therefore enable 
identification of effects associated exclusively with the manner of 
silica addition during soxhlet-type reactions, while effects caused 
by the soxhieting procedure in general will be made clear by the 
results of reaction SA6. It was hoped that these investigations 
would enable determination of the cause of the trends observed 
during the thermal analysis of samples from reactions SA3 and SA4. 
Over the first 24 hours of both SA5 and SA6, fairly violent 
"bumping" was observed as the stirrer was unable to function 
efficiently. Breakup of the silica particles was also observed by 
optical microscopy over the first 2-3 days. The pH profiles of these 
reactions are shown in Figure 8.5. In reaction SA5 a small rise in 
pH was initially seen followed by a decrease throughout the 
remaining reaction time as crystallisation of silicalite-1 (and 
occlusion of TPAOH) occurred. Reaction SA6 was first sampled after 7 
days and, as the sample was highly crystalline, any pH changes 
associated with crystallisation had already occurred. Little change 
was seen during the remaining reaction time. XRPD analysis showed 
that highly crystalline silicalite-1 had been produced within 7-8 
days in both reactions. Crystal morphologies were examined by SEN. 
For SA5, single crystals of dimensions 1.5 x 1.4 x 0.5 pm and with 
little variation in crystal size were seen in samples taken after 
reaction times of 12 and 20 days. For reaction SA6, the appearance 
of a sample taken after 7 days was similar to that of samples from 
SA5, containing mainly single crystals of 1-1.5 ,pm in length, which 
were only slightly intergrown. Samples taken after times of 24, 48, 
70 and 100 days were also examined, but no significant changes in 
crystal size or morphology were seen. 
After reaction SA5 had run for 20 days, the cotton wool in the 
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soxhiet thimble was replaced by Kieselgel. No further TPABr was 
added to the reaction mixture but, as the quantity originally 
present was in excess over that required for complete 
crystallisation of the silica added initially (assuming 4TPAOH per 
unit cell in the silicalite precursor), further crystallisation 
should be possible. As shown in Figure 8.5, the further reduction in 
pH suggests that further crystallisation has occurred. XRPD analysis 
revealed no apparent structural changes between samples taken during 
the first (0-20 days) and second (21-54 days) stages of this 
reaction, although SEN analysis of samples taken during the second 
stage of this reaction showed that the crystals were of increased 
angularity and a wider range of crystal sizes were present. Similar 
effects were not seen during reaction 5A6 and they are not, 
therefore, associated with the duration of the reaction but with 
either the mode of silica addition or the reduced TPA concentration 
during the second part of reaction SA5. 
Thermal analysis of samples from both reactions provided insight 
into the causes of the effects observed for samples from reactions 
SA3 and SA4. In Table 8.4 the thermal analysis data for samples 
taken from reactions SA5 and SA6 are shown. During the course of 
each synthesis the DTA peak temperature rises slowly (from 385 to 
407°C in SA5, and from 390 to 402°C in SA6) and a second peak at 
higher temperature (450-460°C) is seen in the later samples. In 
reaction SA5, this peak was not seen until after the addition of 
silica from the soxhiet thimble, and could again have been 
attributed to soxhieting effects but, as the same trends are seen in 
reaction SA6, this must be an effect primarily associated with the 
long synthesis times. The ratio of the two weight losses was 
calculated for each sample to establish whether the growth of the 
high temperature peak was constant or was associated with a 
particular event or point during the reaction time. The variation of 
this ratio with time for each reaction is shown in Figure 8.6. In 
reaction SA6 an essentially consistent rate of change was seen 
throughout the entire reaction, but while reaction SA5 showed a 
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similar rate of change over the first 20 days, during the second 
part of the reaction (i.e. as silica was added from the soxhiet 
thimble) the rate of growth of the second peak increased sharply. 
Possible sources for this effect include an association with the 
occlusion of a species other than TPA (e.g. PIPZ), contamination of 
the product with an anionic species or it may be related to the 
crystal size, degree of faulting and/or degree of intergrowth. In 
fact, when the results for reactions SA5 and SA6 are compared with 
those for SA3 and SA4 the cause of this effect becomes clear. 
The temperature of the higher DTA peak corresponds to the 
temperature of the single peak seen for samples from reactions SA3 
and SA4 and also to that for TPA ions associated with the anionic 
sites in aluminous zeolites(160), suggesting that it is caused by 
the incorporation of an impurity (e.g. iron) from the reaction 
vessel into the 'silicalite' product. In reactions SA3 and SA4 
silica supplies were restricted shortly after nucleation and 
therefore conditions were favourable for the incorporation of 
impurities. The ratios of the weight losses over the ranges 
430-5200C / 350-430°C for samples taken from these reactions are 
shown in Figure 8.7 and confirm that incorporation of impurities is 
seen after an initial phase of nucleation and crystallisation. 
Development of this peak was also more extensive in reaction SA5 
than in SA6, as is shown in Table 8.4 and Figure 8.6. Again this can 
be explained by the gradual addition of silica during the latter 
part of this reaction. Although samples from these reactions were 
not analysed by XRF analysis, the results for a sample from reaction 
SAil and for both Kieselgel and Cab-0-Sil are given in Table 8.6. 
Substantial incorporation of iron and other metal ions such as Al 
into the product has occurred (e.g. Fe203 is present in the sample 
at a level of 2.926% c.f. values of 0.037% and 0.032% for Kieselgel 
and Cab-O-Sil respectively). It should be noted that products 
synthesised in stainless steel autoclaves, as reported in Chapters 3 
and 4, did not show a similar enrichment. It seems likely, 
therefore, that the level of material incorporated from the steel 
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vessels will decrease with continued use of the vessels. 
Alternatively, the source of the contamination may be wearing of the 
stirrer bars as this could be observed on completion of reactions. 
Similarly, dissolution of the glass reactor components (flanged lid, 
soxhiet, condenser) is a possible source of Al and Na. 
To confirm that the high temperature peak was not associated with 
the occlusion of PIPZ rather than TPA, CHN analysis was carried out. 
The formulas of TPA and piperazine are C12H28N1 and C4H1oN2 
respectively. Incorporation of piperazine would therefore be 
expected to result in an increased proportion of nitrogen and 
decreased proportion of carbon. The results for CHN measurement on 
samples SA4/5, SA5/3 and SA5/A4 are given in Table 8.5, together 
with the theoretical values for TPA. Differences between the results 
for the three samples are small and hence the occluded species in 
samples SA5/3 and SA5/A4 must be very similar. This suggests that 
the observed differences in thermal analysis behaviour are not 
associated with differences in the occluded species. 
8.3.2 Silica/Water/Piperazine Systems 
This series of reactions was carried out to establish whether the 
reaction conditions in soxhlet systems were sufficiently favourable 
to enable crystallisation in the absence of TPABr. The reaction 
mixture used was: 
(20 3102) . 10 PIPZ . 1000 1120 
where (20SiO2) corresponds to the proportion of silica present if 
the reaction goes to completion. The reactions which were carried 
out are summarised in Table 8.7. In each case the product was 
amorphous, suggesting that the reactivity of the gel is not such 
that crystallisation is possible in the absence of TPA. Figure 8.8. 
shows that in all reactions a rapid decrease in the pH of the 
reagent solution was seen over the first few days of reaction, 
followed by a more gradual reduction over the remaining reaction 
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time. At first this was thought to reflect the rate of transfer of 
silica from the soxhiet thimble, which had been observed to be most 
rapid during the early stages of these reactions. In reaction SA9, 
the silica had been prewashed in situ with distilled water for two 
weeks prior to reaction but this had no obvious effect on the rate 
of silica transfer, as reflected by the pH of the reagent solution. 
The explanation of the pH changes lies in the equilibria between 
solution silica species. Initially, all of the silica added to the 
reagent vessel will remain in the solution phase. Reaction of 
Si(OH) 4 with OH- gives Si(OH)2022- and Si(OH)30- and when sufficient 
Si02 has been transferred to neutralise the base, further additions 
will give oligomers until no more will dissolve. 
e.g. Si(OH)4 + Si(OH)202- 	 - (HO)2Si-O-Si(OH)2 
0- 0- 
Once a solid silica phase is formed, its solubility should control 
the pH and will maintain a constant level, irrespective of the 
quantity of silica present. The continued decline in pH during the 
course of the reaction is therefore unexpected. In reactions 
SA1-SA6, it was assumed that this continued decline was related to 
the crystallisation of silica added from the soxhlet thimble but in 
reactions SA7-SA9 the products were amorphous. The observed decrease 
may be associated with gradual incorporation of contaminants (e.g. 
Fe) or to changes in the structure of the amorphous solid phase. 
8.3.3 Other Aqueous Reaction Systems 
A small number of other syntheses in aqueous reagent solution have 
been carried out and are listed in Table 8.8. These widen the field 
of investigation to include the use of an aluminous reaction 
mixture, the synthesis of silicalite-2 and the use of tripropylamine 
as base. Reaction SA1O, the aluminous synthesis, was among the early 
reactions carried out in glass flasks. Over the first 2 days of this 
synthesis rounded particles of 20-40 y= in size and of agglomerated 
11 
PAGE 280 
appearance were seen. Although this material was expected to be 
amorphous it was identified by XRPD analysis as sodalite. Further 
samples taken after 7, 9 and 12 day synthesis times showed that with 
the addition of further silica conversion of sodalite to analcime 
occurred. The diffraction patterns for these products are shown in 
Figure 8.9. The quantity of silica transferred from the soxhiet 
thimble was 4.50g, but this was supplemented by the partial 
dissolution of the flask and glass covering of the stirrer bar. 
Reaction SAil involved the synthesis of silicalite-2, the silica 
analogue of ZSM-11, from a PIPZ/TBABr (tetrabutylammonium bromide) 
reagent system. Due to the similarity between the ZSM-11 and ZSM-5 
structures, ZSM-11 products are often contaminated with ZSM-5 
intergrowths(25) and this reaction should therefore give some 
indication of the benefits of the soxhiet method for the synthesis 
of pure phases. As for many of the the reactions described in the 
previous sections, the pH initially decreased rapidly as saturation 
of the reagent solution with soluble silica species led to a 
reduction in free base. A continual slow decrease in pH was seen 
throughout the remaining reaction time. XRPD analysis showed that 
over the first 9 days of reaction no crystallisation occurred. The 
total reaction time was 164 days, in which time a total weight of 
30g silica was transferred. This was the total quantity of silica in 
the thimble. Figure 8.10 shows the XRPD patterns of product SAil and 
a silicalite-i product. The major differences between the two 
patterns are seen at 29 = 23.5-24.5 and 45-46°. The pattern of SAil 
is simpler than that of silicalite-1, and shows no traces of the 
additional peaks/peak splitting associated with the silicalite-1 
structure. Thermal analysis of crystalline samples taken during this 
reaction showed a single sharp peak at 4500C. This thermal analysis 
data is given in Table 8.9. It should be noted that the first two 
samples correspond to amorphous material. Contamination of this 
product by Fe and Al was confirmed by XRF, as noted in Table 8.6. 
Although sufficient TBABr was present to enable further 
crystallisation, rereaction of the mother liquor with additional 
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silica added from the soxhiet did not, surprisingly, give a 
crystalline product even after a synthesis time of 40 days. Instead, 
rounded, amorphous particles of 1-2 Pm in size were formed. The 
reason for this has not been established. 
Reaction SA12 contained tripropylamine as base. It had previously 
been thought that small amounts of tripropylamine might be 
distilling into the soxhiet thimble (causing decreased silica 
dissolution) and this possibility was confirmed in reaction SA12 as 
two separate phases could be clearly distinguished in the soxhiet 
thimble. The reaction was unsuccessful as the tripropylamine 
attacked and destroyed the viton 0-ring which formed the seal 
between the steel vessel and the flanged lid. Reaction was stopped 
after only 1 day. Obviously reactions in soxhiet systems are 
restricted to components which do not react in this way with the 
apparatus. 
8.3.4 Application of Silica Analysis by the Silicomolybdate Method 
to Aqueous Soxhiet Systems 
The principles behind the measurement of the concentrations of 
monomeric, polymeric and colloidal silica species in a sample by the 
silicomolybdate method have been discussed in Chapter 2. The 
reactions described in the preceding sections were carried out 
before this method was available and three further reactions were 
therefore carried out exclusively to enable determination of the 
types and concentrations of the silica species present in both the 
reagent solution and the solution returning from the soxhiet 
thimble. The composition of each of these reactions was the standard 
silicalite mix, as described for reactions SA1-SA6, and in each case 
Cab-O-Sil was the source of silica. Results are given in Table 8.10. 
In interpretation of the results for samples taken from the reagent 
solution, the possible effects associated with variation of the 
solution concentration as the soxhiet fills and empties must be 
considered and detailed analysis is therefore not possible. In 
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reaction SA13 the total quantity of silica present increased with 
time, confirming its continuous transfer from the soxhiet thimble. 
When fluctuations in solution concentration were taken into 
consideration, from 24 hours onwards the measured quantity of 
monomer in each sample was essentially unchanged (i.e. saturation of 
the reagent solution with monomer occurred within the first 24 hours 
of reaction). The proportion of polymer appeared to increase over 
the first 4 samples (0 - 42.5 hours) but for the remaining reaction 
time (116 hours onwards) a much smaller concentration was seen. This 
corresponds to crystallisation and transfer of solubility control 
from the amorphous gel to the zeolite. Reactions SA14 and SA15 were 
shorter and could not be followed in the same detail, as effects due 
to fluctuations and genuine trends were not easily distinguished. 
Samples of the ref luxing solution were taken during reaction SA14. 
In each case the molarity of monomer present was between 3.5 x 10-3 
and 5.5 x 10-3 molar. With the exception of one anomalous sample, 
the silica species were entirely monomeric. 
8.3.5 Conclusions from Aqueous Reactions 
The most obvious conclusion concerning aqueous synthesis in soxhiet 
systems is that crystallisation of the silica molecular sieves 
silicalite-1 and silicalite-2 has been shown to be possible. Some of 
the potential advantages for reactions in which a reactive form of 
silica is added slowly during the reaction (as described in Section 
8.1) were not found to be applicable in practice but silica analysis 
has shown the supply of silica from the soxhlet thimble to be 
essentially composed of monomeric species. The formation of 
amorphous gel in the reagent solution prior to crystallisation, 
which occurs irrespective of the silica source, precludes the growth 
of very large crystals via limited nucleation and extended crystal 
growth, even though a constant, fresh supply of monomeric silica 
species is available. The crystalline products of these reactions 
were all composed of very small crystals, showing that extensive 
nucleation has occurred. This supports the theory that the gel phase 
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is a highly reactive one. This amorphous gel is consumed during 
subsequent crystallisation and hence during the latter part of 
reaction, crystallisation is controlled by the rate of silica 
addition. Analysis of the solid phase during this period often 
showed that it was fully crystalline with respect to the final 
product i.e. in this part of the synthesis crystallisation was from 
a reaction mixture that was essentially free from amorphous silica. 
The development of a high temperature TG weight loss, at around 
4600C, during the course of some of these reactions has been 
attributed to the incorporation of Fe and Al into the molecular 
sieve framework; XRF analysis of a sample from reaction SAil 
confirmed that the levels of Al, Na and particularly Fe were much 
higher than in either Kieselgel or Cab-O-Sil. The source of these 
impurities is thought to be the stainless steel vessel, the stirrer 
bar, and the glass soxhiet apparatus. The crystalline products show 
very small weight losses below temperatures of 350°C , which 
confirms that they contain little amorphous gel. The silicalite-2 
product synthesised by this method also appears to be substantially 
free from amorphous or crystalline impurities and the synthesis of 
crystallographically pure materials may be an area in which 
synthesis by soxhiet extraction can be profitably employed. 
It is clear that a major disadvantage of the soxhiet synthesis 
method is the length of the synthesis times required for complete 
addition of silica. None of the reactions described above were of 
sufficient duration to allow the level of silica present to reach 
that proposed in the initial reagent mixture composition. Other 
problems encountered in these studies were generally associated with 
the apparatus e.g. it proved impossible to find a suitable stirrer 
bar. All those tried (bare steel, or glass or PTFE coated) were 
abraided and introduced impurities into the reaction mixture. 
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8.4 Synthesis in Organic Reaction Systems 
8.4.1 Introduction 
Very little experimental work has to date been reported concerning 
the use of organic solvents in zeolite synthesis(77.99.100.101), and 
the long crystallisation times and limited range of products suggest 
that crystallisation is limited by the low solubility of inorganic 
reagents in these solvents. It seemed possible that the soxhlet 
extraction method might provide a way round this difficulty and lead 
to the facile crystallisation of zeolites in organic solvents. By 
careful choice of the organic phase (i.e. boiling point 
significantly greater than that of water), the soxhlet extraction 
synthesis method enables the use of an aqueous-rich phase for silica 
dissolution while crystallisation is carried out in an organic-rich 
phase. Dissolution of silica and alumina was one of the problems 
reported in previous publications concerning the use of organic 
solvents(100) and the optimisation of dissolution and 
crystallisation possible through the use of different phases may 
therefore be a significant advantage. An associated disadvantage is 
that the composition of the solvent phase will change constantly as 
the soxhlet fills and empties. For successful application of the 
soxhlet extraction method to synthesis in organic solvents the 
following conditions must be fulfilled: 
The boiling point of the organic solvent(s) must be 
significantly greater than that of water (e.g. ethylene glycol b.pt. 
= 196-1980C). 
Sufficient water must be present in the system to allow the 
soxhiet to fill and ref lux without a simultaneous overheating of the 
organic solvent in the reaction vessel. 
Any water removed from the system through sampling must be 
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replaced, to ensure the fulfilment of condition (b) throughout the 
duration of the synthesis 
(d) No reaction must occur between the solvent and the components of 
the apparatus (e.g. the viton 0-ring). 
The problems associated with overheating, which were described in 
Section 8.3, with reference to aqueous solutions, were significantly 
worse when organic solvents were used. The transfer of water from 
the reaction mixture to the soxhiet thimble caused the temperature 
of the reaction mixture to increase by 30-400. The violent boiling 
which resulted when the water-rich phase was returned to the 
solution in the reaction vessel was such that more water was lost, 
increasing the problem. When this occurred it was necessary to add 
sufficient water to enable regular ref lux of the soxhiet. One result 
of such occurrences was that the composition of the reagent mixture 
was no longer accurately known as, while measurement of the water 
added was possible, the quantity lost was not known. This was a not 
infrequent occurrence and a greater degree of control over this 
aspect of these reactions would be a significant improvement to this 
synthesis method. 
8.4.2 Reaction Compositions based on those of Bibby and Dale(77) 
The boiling point of ethylene glycol makes it a suitable solvent for 
application in soxhiet extraction synthesis. Bibby and Dale(77) had 
reported the successful synthesis of silica-sodalite from the 
reaction mixture: 
2 Si02 . 3 NaOH . 40 (CH20H)2 
This reaction mixture was used as the basis for the first 
organic-based soxhlet reactions. These used the composition: 
(20 Si02) . 30 MOH . 400 (CH20H)2 . 200 1120 
where the source of silica was either Kieselgel or Cab-O-Sil and N = 
Na or K. The level of silica given is that which would be present on 
completion of the reaction. The high proportion of water was found 
PAGE 286 
to be the minimum required for efficient ref luxing of the soxhiet 
without extensive overheating of the organic reagent solution. 
The reactions which were carried out are summarised in Table 8.11. 
Whether the cation present was Na (reaction SOl) or K (reaction 
S02), the product was a silicate. In each of these reactions, 
however, only a small proportion of the total quantity of silica was 
added. The pH of ethylene glycol alone is 7.7, but the level of base 
in these systems produced a pH consistently above 13, therefore 
substantial quantities of silica were required for solution 
saturation. It was obvious that the time required for addition of 
the full amount of silica would be impractically long, so in further 
reactions lower levels of base were used to reduce the quantity of 
silica required for saturation and hence the length of the synthesis 
time prior to crystallisation. Had the synthesis times allowed been 
of sufficient length, further crystallisation to sodalite might have 
occurred in reactions SOl and S02. The crystalline phases in these 
reactions were analysed by XRPD. Table 8.12 lists the 20 values for 
the as-made forms of both products and also an earlier (19 day) 
sample from reaction S02. Only the product of reaction S02 was 
highly crystalline. Although the phase present in reaction SO1 was 
not positively identified, the disappearance of most of the peaks 
associated with crystallinity when it was washed in distilled water, 
leaving only small peaks at 20 values of 16.26, 26.38, 30.88 and 
44.430, suggested that it was a soluble silicate. The 19 day sample 
from reaction S02 was also soluble in water and both this sample and 
the final product became completely amorphous when calcined at 
550°C. All three phases were considered to be silicates. 
Use of different silica sources in the two reactions had little 
effect on the overall course of the reaction. Several observations 
which are of general application to the use of organic solvents in 
soxhiet reaction systems were made. Firstly, the reaction 
temperature was, as expected, higher than for aqueous reactions. 
Fluctuations in temperature, according to the proportion of liquid 
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in the soxhiet, were seen but the general temperature was in the 
range 134-140°C. Some water loss must have occurred as, on occasion, 
overheating of the reagent solution to around 1800C was noted. On 
such occasions, further water was added to the system, as has been 
described above. Overheating of the ethylene glycol reagent solution 
caused the colourless solution to darken through yellow to brown. 
The solution also acquired a distinctive smell. This was thought to 
be caused by oxidation or degradation of the organic solvent. The 
refluxing solution also acquired an "esterish" smell in the course 
of both reactions; this was thought to result from the oxidation of 
a small amount of ethylene glycol to form e.g. an aldehyde with a 
boiling point lower than the ethylene glycol and which would distil 
with the water into the soxhiet thimble. The pH of samples of the 
ref luxing solvent varied according to the freshness of the silica 
source and it was thought that this variation might be associated 
with the formation of a protective organic coating on the silica 
gel, either physically or by chemical reaction with the surface 
silanol groups, resulting in reduced silica transfer. A sample of 
the gel remaining in the thimble after reaction S01 was finely 
ground and analysed by simultaneous thermal analysis. The results 
are shown in Figure 8.11. A large weight loss is seen at low 
temperature, due to endothermic loss of water and then at around 
3000C a very small, but highly exothermic weight loss (of 0.8%) 
occurs. Analysis of samples of fresh Kieselgel and Cab-O-Sil showed 
no such loss and this weight loss was attributed to an organic 
component. Its exothermic nature suggests that the material is not 
able to simply boil off, but is chemically attached to the silica 
surface. Reactions which might account for this effect are shown in 
Figure 8.12. It was confirmed by XRPD analysis that the silica in 
the thimble was still amorphous. 
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8.4.3 Reactions in which MOH reduced to 3.5 mole 
It was argued that a reduction in the base content of the reaction 
mixture would allow the Si02/N20 ratio required for zeolite 
crystallisation to be reached more rapidly than in reactions SOt and 
S02. The proportion of base chosen was such that, according to the 
silica addition rates previously measured, neutralisation should 
occur in around 10 days. The reaction mixture used in these 
syntheses was: 
(20 Si02) . 3.5 MOH . 400 (CH20H)2 . w H20 
where M = Na, K or TMA and w = 200 or a minimal quantity, as will be 
described later. The reagent compositions used are summarised in 
Table 8.13. In reactions S03 to S07 the alkali metal cation was Na. 
Reactions S03 and SO4 were carried out to ensure that successful 
crystallisation of sodalite was still possible when a soxhiet system 
was used and the base content reduced below that .used by Bibby and 
Dale(77). The pH of the initial reagent solution was 12.5 and during 
the reaction the temperature was seen to vary over the range 157 - 
180°C. When the solution temperature reached 180°C (prior to ref lux) 
the temperature of the vapour phase was only 40°C, confirming the 
association between overheating and the presence of insufficient 
water in the system. After 12 days the product of reaction S03 was 
essentially amorphous (although very tiny peaks could be seen, 
suggesting that crystallisation had just begun). The total weight of 
silica which had been transferred was around 1.5g. Thermal analysis 	- - 
of a sample of gel from the thimble indicated (as for reaction SOl) 
the presence of an organic contaminant. CHN analysis of this gel 
showed that it had a H/C ratio of 3.66. The H/C ratio of ethylene 
glycol is 3.00, but the additional hydrogen in the gel sample is 
very easily accounted for in the form of water. Reaction SO4 had a 
longer synthesis time (27 days) which should allow further 
crystallisation. A more efficient condenser was used, to reduce 
water losses during the reaction and it was hoped that the level of 
gel contamination would also be reduced. Variation in solution 
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temperature throughout the reaction was generally in the range 
135-1600C. Over 27 days a reduction in the pH of the solution phase 
of the reaction mixture from 12.8 to 12.6 was seen, while the pH of 
the ref luxing solution varied according to the freshness of the 
silica as can be seen from Figure 8.13 and from the data in Table 
8.14. Each thimble was found to be completely empty when it was 
replaced. The total weight of silica transferred was around lOg 
(i.e. 27% of desired silica content). After 14 days some degree of 
crystallinity (square crystals) was seen by optical microscopy. The 
XRPD trace for this sample is shown in Figure 8.14 and it can be 
seen that three phases were present: amorphous silica, sodalite and 
a crystalline silicate phase (which transformed to cristobalite when 
calcined at 5500C. A sample taken after 21 days appeared to be 
entirely crystalline and SEN analysis revealed the presence of 
sodalite crystals which were of 2 - 20 pin in size. Analysis by XRPD 
confirmed that this was a highly crystalline sample of sodalite. 
This procedure; the initial formation of a silicate phase at 
relatively low silica concentrations followed by recrystallisation 
as the proportion of silica increases; may be a general trend for 
soxhlet synthesis in organic solvents. 
The aim of reaction S05 was to determine the extent to which the 
use of the soxhlet method had affected the course of reaction SO4 
so, in this case, all of the silica was added to the reaction 
vessel. After dissolution of the NaOH in the glycol, the silica 
(Cab-0-Sil) was added and all reagents mixed well. No soxhlet was 
used and condensation was carried out directly above the reagent 
solution. The reaction temperature was 134-135°C i.e. as expected, 
the lower end of the temperature range seen for soxhieting 
reactions. Crystal formation was first observed by ON after 14 days 
and appeared to be essentially complete after 21 days. The product 
of this reaction was highly crystalline sodalite. The XRPD patterns 
for the products of reactions SO4 and S05 are shown in Figure 8.14 
and SEM photographs are in Plate 21. The degree of crystallinity is 
very similar and the XRPD structures are identical but the 
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difference in morphology of the two products is clear. The crystals 
in SO4 are unaltered cubes while those in product S05 show slight 
modifications. 
In reactions S06 and S07 the basic reagent solution was modified. 
Neither reaction was particularly successful. In reaction S06 the 
silica was again added to the reaction vessel but in this case no 
water was added. Initially the pH of the reagent mixture was 12.0. 
Over the first 10 days this value fell to 11.7. but then after 14 
days a sudden drop in the pH to 8.8 was seen and after 32 days it 
had further decreased to 6.6. At this point the reaction was 
stopped. The product was amorphous and the sudden drop in pH was 
thought to have been associated with recrystallisation of NaOH. In 
reaction S07, a small amount of aluminium was added to the reaction 
mixture in the form of freshly prepared sodium aluininate (Al wire + 
NaOH solution) which was then added to the ethylene glycol in the 
reaction vessel. The soxhiet thimble contained Cab-O-Sil. The 
gradual addition of silica throughout the reaction should mean that 
several crystallisation fields are traversed during its course. 
After 6 days the reaction was stopped due to excessive water loss 
and solution overheating. The product was amorphous but became black 
on calcination. This was attributed to contamination with material 
from the vessel or the stirrer bar. 
In a second series of reactions (SOB-Soil), cations other than Na 
were used. In each reaction Cab-O-Sil was the source of silica. The 
cations investigated were K, which blocks the sodalite structure 
(and might therefore give a different product) and TMA, which is 
another cation which can stabilise the sodalite structure(70). KOH 
was used in two reactions; one of which had the standard reagent 
mixture (SOB), while in the second a constant flow soxhiet and 
minimum quantity of water were used (S09). The duration of reaction 
SOB was 40 days. Over this time the pH of the solution phase 
gradually decreased from 13.2 to 12.5. A solid phase was first 
detected in the reaction vessel after 4 days, in the form of gel 
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rafts. As further silica was added, darker patches and agglomerates 
appeared within these rafts, which were thought to be associated 
with crystallisation of the gel. XPPD analysis of a sample taken 
after 9 days, when these signs of possible crystallisation were 
first seen, showed that it was highly crystalline but that the phase 
present was KHSi205( 161 ). The 28 values are listed in Table 8.15. 
The results for the previous Na-containing reactions suggested that 
as further silica was added, recrystallisation might occur. In this 
case, however, as the proportion of silica in the vessel exceeded 
that which could be incorporated in the silicate phase the solid 
material became increasingly amorphous as is shown in the series of 
XRPD patterns in Figure 8.15. In reaction S09 the use of the low 
water content was unsuccessful, as the low solubility of silica in 
ethylene glycol resulted in the silica coating the vessel walls. It 
is clear, therefore, that a minimum level of water, at least, is 
required to be present for successful crystallisation. ThA was the 
cation in reaction SOlO. After 30 days the product was essentially 
amorphous, although a high angle peak was seen at 29 = 38.320. The 
purpose of reaction SOil was to establish the level of K required to 
block sodalite formation. Again XRPD showed only a small high angle 
peak (at 28 = 44.50). This level of K was therefore shown to be 
sufficient to prevent crystallisation. It would be interesting to 
carry out reactions in which this level was reduced still further 
and to establish the minimum quantity of K required to block 
crystallisation of the sodalite structure. 
8.4.4 Reactions in which NOR further reduced to 2.0 mole 
It was hoped that this further reduction in MOH concentration would 
enable shorter synthesis times to be used. Reaction compositions are 
shown in Table 8.16. The most important of these syntheses was 
reaction S012 which was required to confirm that synthesis of 
silica-sodalite was still possible with this reduced level of base. 
The total duration of this synthesis was 100 days. After 9 days the 
solid product was still amorphous but the final reaction product was 
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mainly sodalite, although some amorphous silica was, surprisingly, 
still present, which may suggest that the level of base is, in fact, 
slightly too low for synthesis conditions to be ideal. A series of 
reactions in which combinations of two cations were used were then 
carried out. The first of these, S013, contained both NaOH and 
TPABr. NaOH alone results in the formation of sodalite while TPA, in 
aqueous systems, has a strong structure directing influence to the 
NFl (ZSM-5) structure. Organic templates were reported by van Erp 
and coworkers (99) to be ineffective in organic systems, and 
comparison of the relative structure directing abilities of Na and 
TPA will confirm or refute this. An amorphous product or a molecular 
sieve other than sodalite or silicalite-1 are other possible 
products. Preparation of the reagent solution involved dissolution 
of NaOH in glycol with subsequent addition and dissolution of the 
TPABr. Amorphous silica formed in the reaction mixture during the 
early stages of the reaction, but after 33 days the product was 
highly crystalline silicalite-1. This synthesis time was 
exceptionally long due to problems with control of the reaction 
which resulted in the transfer of only 3g (i.e. 7.5% of total 
quantity) of silica throughout the 33 day reaction time. Despite 
these problems it is clear that the previous assertions of organic 
template inactivity in organic reagents are not applicable to TPA in 
this reaction and that the predominant influence in this reaction 
has been the TPA structure directing influence. It should be noted 
that van Erp and coworkers(99) did not specify the organic reagents 
which they had used. 
A TPABr+TMAOH combination was used in reaction SO14. TMAOH alone had 
previously resulted in an amorphous product (SOlO) and the objective 
here was to establish whether the stronger influence would be the 
blocking effect of TMA or the structure directing effect of the TPA 
(or whether the combination of the two might result in a 
different/new material). The initial formation of rafts of amorphous 
gel was followed by the growth of long, thin crystals within them 
after around 24 days. After 30 days (7-8g silica added) slight 
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indications of peaks corresponding to silicalite-iwere seen by XRPD 
analysis but the product was predominantly amorphous. This crystal 
morphology corresponds to growth under unfavourable conditions. It 
can therefore be concluded that in this solvent system, while 
formation of the ZSM-5 structure occurs readily in the presence of 
Na (which alone gives sodalite), in the presence of TMA silicalite-1 
formation is still possible but the ease of crystallisation is 
significantly reduced. The combination of NaOH and TMABr (S015) also 
results in an amorphous product (except for 2 strong peaks at 2 = 
38.25 and 44.480) even after a time of 56 days (7.7g silica 
transferred). TNA therefore seems to have a strong structure 
blocking role in the glycol/water solvent system as it can block Na 
direction to sodalite and also TPA direction to silicalite-1. The 
mechanism by which this occurs is not known. KBr (S016) also blocks 
product formation. The high angle peaks seen during reaction S015 
were also present in samples taken from reaction S016 after times of 
8 and 16 days, but after 73 days this material was entirely 
amorphous, suggesting that these peaks are associated with a 
silicate, or other transient, species. During this reaction more 
than 20g (i.e. >55 total quantity) silica was transferred. 
Aluminous reagent mixtures were used in reactions S017 and S018 
which contained the cations Na and K respectively. Reaction S017 
lasted for 23 days and after this time the weight of silica 
transferred was 11g. Although the product was mainly amorphous XPPD 
showed that trace quantities of sodalite were beginning to form. 
Examination by optical microscopy first revealed crystal formation 
after 8 days. The duration of reaction S018 was 74 days, and over 
this time 25g silica was transferred. The final product was 
essentially amorphous but an earlier sample (17 days) again 
contained the high angle peaks mentioned for previous products. 
Finally, an aqueous reaction system of composition: 
2 NaOH . 0.1 A1203 . 400 H20 
was investigated (S019) to determine whether this would give the 
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expected series of product transformations (i.e. A, X, S, ZSM-5). 
The rate of silica addition was very slow and after 46 days only 
8.9g silica had been transferred. The product was a silicate. 
Calcination of this material at increasing temperatures gave a 
series of aluminosilicate structures, as detailed in Table 8.17: 
This reaction was repeated (S020) to allow the addition of a greater 
quantity of silica (40-45g). Again, after early samples in which the 
high angle XRPD peaks were seen, the product was identified as the 
silicate NaS17013(OH)3.3H20(161) 
8.4.5 Kinetic Silica Analysis 
In systems based on ethylene glycol it was found that use of the 
silicomolybdate method was not possible because of interference by 
the glycol. Analysis of samples from the reagent solution was 
therefore impossible. Kinetic silica analysis of samples of the 
solution returning from the soxhiet was possible but in "total" 
measurements a reaction between the small quantities of organic 
solvent present and the NaOH again invalidated results. The only 
components for which analysis was therefore possible were the 
monomeric and polymeric species. As expected, only monomer was 
present. Table 8.14 shows the variation in the concentration of 
monomer with the age of the silica source. 
8.4.6 Conclusions about the use of the Soxhiet Synthesis Method with 
Organic-based Solvents 
Only one solvent, ethylene glycol, has been investigated to date. 
The use of this solvent alone(77) and in mixtures wih water( 101 ) was 
shown to favour the formation of sodalite. In the solvent mixtures 
used in the present work, which were composed of ethylene 
glycol/water in the ratio 2/1, the products formed were sodalite, 
silicalite-1, and silicate phases, although frequently no 
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crystallisation occurred after prolonged reaction. It should be 
noted that with the addition of further silica it is possible that 
some of the silicate phases might have recrystallised to molecular 
sieve structures (as seen in reaction SO4), although it should also 
be noted that in reaction S08 the addition of further silica to the 
potassium silicate resulted in an amorphous product. 
The cation present was found to have a strong influence on the 
structure which was formed. Na directed to sodalite, as had been 
previously observed, while K, which blocks the crystallisation of 
sodalite, resulted in an amorphous product. This had also been 
previously reported(99) but it had been hoped that reaction 
conditions in the soxhiet system might enable the formation of 
another structure. Where Na and K were present in the ratio 35:1 the 
blocking effect of K was found to be the stronger influence. TMA 
also failed to give a crystalline product. 
Although a previous report(99) had found that organic templates were 
ineffective when used in organic solvents, in these reactions, 
silicalite-1 was synthesised in the presence of the strong structure 
directing agent TPA, as in the reactions carried out by Sugimoto and 
coworkers(101). In the soxhiet reactions, TPA was not used alone but 
in combination with either Na or ThA. In the former case, the 
structure directing effects of the two cations are in competition. 
Possible results include the domination of one of the cations, 
formation of a different material, or an amorphous product. In the 
event, the influence of TPA was shown to be dominant. It was 
therefore surprising to find that the combination of TPA and TMA 
resulted in a severely decreased rate of crystallisation: thus, 
while TPA dominates the influence of Na to form sodalite it is less 
effective against the influence of TMA to prevent crystallisation of 
a structure. 
The silicomolybdate method proved to be unsuitable for analysis of 
silica species in these systems; but it was shown that the silica 
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transferred from the soxhiet was essentially monomeric, and that its 
concentration varied with the length of time the silica had been in 
the thimble. 
8.5 Conclusions 
The benefits associated with the synthesis of zeolites and silica 
molecular sieves by the soxhlet extraction of silica appear to be 
rather less than had been anticipated. It has been confirmed that 
silica is added to the reaction vessel predominantly as monomeric 
species but as nucleation is slow, an amorphous gel is initially 
formed in the reaction vessel irrespective of whether the solvent 
system is aqueous or based on ethylene glycol. After the initiation 
of crystallisation, this amorphous material is consumed during the 
subsequent reaction and the crystallisation of silica transferred to 
the vessel during the later part of the reaction is therefore 
essentially amorphous free. The many tiny crystals which form 
confirm that the amorphous gel is highly reactive. 
Several problems with the use of this method were encountered during 
the syntheses described above. For the most part these were 
associated with the novelty of these systems and many have now been 
solved. Increased control over the solution temperature throughout 
the reaction, which would avoid the problems associated with water 
loss, would be a significant improvement. 
The number of systems which have been studied is very small and it 
is possible that further investigations might produce very useful 
results. In particular, other organic solvents besides 
ethane-1,2-djol should be investigated. 
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Table 8.1 Conditions used for Silicalite-1 Synthesis by Soxhiet 
Extraction of Silica 
Run Vessel Thimble Reaction Ref lux Silica Average t'fer 
No type contents time/d period/min transferred/g rate g d-1 
SAl Glass Kieselgel 1 14-15 2 2 
SA2 Glass Kieselgel 27 28-30 8.83 0.33 
SA3 Steel Kieselgel 88 18 21.88 0.25 
SM Steel Cab-0-Sil 50 22 12.67 0.25 
SA5 Steel Cotton wool* 54 - - - 
SA6 Steel None 100 - - - 
* indicates that although the required weight of silica was 
initially added to the reaction vessel, further silica addition 
from the soxhlet thimble was begun after 20 days and continued 
for a further 34 days i.e. total synthesis time = 54 days. 
Table 8.2 Measurement of Crystallinity of Samples taken 
during Reaction SA4 
Sample 	Reaction Peak 	% 
No 	time/d 	area Cryst 
SA4/3 	23 	4.36 	96 
SA4/4 33 4.38 97 
SA4/5 	50 	4.53 	100 
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Table 8.3 Thermal Analysis of Samples taken during Reactions SA3 and SA4 
Sample Reaction OTA 	I weight losses over teop ranges inoC 
No 	tioe/d 	peaks/oC 0-350 350-430(1) 430-520( 1 ) 520-900 0-900 cryst 	(2)/(1) 
SA3/1 5 - 14,80 2,81 2,88 4.10 24.59 46 11025 
SA3/2 7 - 13.00 2.49 2.00 2.36 19.85 36 0.803 
A3/3 14 408 1.54 7.12 4.00 1.83 14.45 90 0.562 
3A3/4 82 459 0.64 1.09 9.87 1.10 12.70 89 9.055 
A3/4 82 0.71 0.98 10.06 0.99 12.74 90 10.265 
SA4/1 6 360-480 3.59 1.84 0.99 1.20 7.62 23 0.538 
3A4/2 8 377,461 3.70 6.27 3.11 4.95 14.92 76 0.496 
A4/3 23 438 0.83 5.31 5.57 1.98 13.69 88 1.049 
SA4/4 33 444 0.80 1.17 4.33 0.87 7.17 45* 3.701 
A4/5 50 448 0.74 1.42 9.79 1.30 13.25 91 6.894 
* results for this sample are thought to be anomalous as weight loss over 
20-900°C is only 	50 	of expected total 
PAGE 299 
Table 8.4 Thermal Analysis of Samples taken during Reactions 
SA5* and SA6 
Sample Reaction DTA 	veight losses over teap ranges inoC 
No 	tise/d 	peaks/oC 0-350 350-430( 1 ) 430-520(1) 520-900 0-900 cryst 	(2)1(1) 
SA511 2h 385 1.57 9.46 1.96 1.69 14.68 93 0.207 
3A5/2 1 386 1.14 9,61 2.17 1.52 14.44 96 0.226 
SA5/3 12 399 1.13 8.24 2.47 1.77 13.61 87 0.300 
3A5/4 15 404 1.37 8.24 2.66 1.99 14.26 88 0.323 
SA5/5 19 401 1.51 8.24 2.74 1.67 14.16 89 0.333 
A5/A1 21 404,broad 0.25 7,90 2.88 1.90 12.93 88 0.365 
SA5/A2 30 404,453 +0,34 6.49 4.36 1.26 11.77 88 0.672 
SA5JA3 44 410,456 +0.29 5.80 5.26 1.36 12.13 90 0.907 
SA5/A4 54 407,455 1.01 5.79 5.39 1.68 13.87 91 0.931 
SA6/1 7 390 1.55 8.98 1.80 1.85 14.18 88 0.200 
8A6/2 24 394 1,40 8.61 2.25 1.69 13.95 88 0.261 
3A6/3 48 399,457 1.01 8.58 2.28 2.01 13.88 88 0.266 
SA6/4 70 400 1.19 8,10 2.66 1.74 13.69 87 0.328 
SA6/5 100 402,462 0.89 8.02 2.81 1.69 13.41 88 0.350 
* samples SA5/1-3A5/5 were taken during stage I (silica present in reaction 
vessel) and samples SA5/k1-3A5/A4 during the second stage of reaction (further 
silica added from soiblet thimble). 
Table 8.5 Results for CHN Analysis of Soxhlet Samples 
Sample Reaction 
No time/d %C %H C/N H/N H/C 
SA4/5 50 8.77 1.74 0.94 10.9 25.9 2.38 
SA5/3 12 8.92 1.97 1.06 9.8 26.0 2.65 
SA5/A4 54 8.70 1.84 0.97 10.5 26.6 2.53 
TPA(Theoretical) 8.75 1.76 0.85 12.0 29.0 2.42 
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Table 8.6 X-Ray Fluorescence Results 
Sample % of each component 
Si02 A1203 Fe203 CaO Na20 
Kieselgel 94.310 0.067 0.037 0.153 0.140 
Cab-0-Sil 97.283 0.074 0.032 0.052 0.096 
SAil 92.075 1.131 2.926 0.112 0.288 
Table 8.7 Results for Syntheses containing no Tetrapropylaminonium 
bromide 
Run Vessel Thimble Reaction Silica 	Average t'fer 
No 	type contents time/d 	t'ferred/g 	rate g d-1 Product 
SA7 Glass Kieselgel 5 	3.1 	0.62 PTFE/amorph 
SA8 Steel Kieselgel 64 - - Amorphous 
SA9 Steel Kieselgel 60 	- 	 - Amorphous 
Table 8.8 Further Reactions investigated by soxhiet extraction method 
Run 	Vessel Reagent Composition 
No type 
SA1O 	Glass 	(20Si02) 1.3A1203 1ONa2O 400H20 
SAil Steel (20Si02) 10PIPZ 2TBABr 10001120 







Table 8.9 Thermal Analysis of Samples taken dun ng reaction SAil 
Sample Reaction DTA 	weight losses over temp ranges inoC 	I 
No 	time/d 	peaks/oC 0-350 350-430(I)  430-520( 1 ) 520-900 0-900 cryst 
	
(2)/(1) 
SAil/I 6 	281 	9.59 	1.44 	1,47 	2.70 	15.20 24* 
	
1.021 
SAI1/2 9 282 9.69 	1.55 1.04 2.28 14.56 21* 0.671 
SA1I13 57 	450 	2.45 	4.57 	5.36 	1.31 	13.69 81 
	
1.173 
SAI1/4 164 453 1.10 	3.51 7.52 0.90 13.03 90 2.142 
'Amorphous to XRPD 
Table 8.10 Measurement of Silica Species by Molybdosilicic 
Acid Formation* 
Sample Reaction Total 	 Solution 
No 	tine/h 	Silica Monomer ?olyuer Gelt 	Silica 	pH 
5A1311 	1 	0.0153 	- 
3A13/2 18 0.1099 0.0133 
5A13/3 	23.5 	0.0965 0.0187 
5A13/4 42.5 0.1358 0.0174 
SA13/5 	116 	0.1450 0.0237 
5A13/6 138 0.1389 0.0196 
3A13/7 	162 	0.2533 0.0192 
SA14/1 	17 	0.0252 0.0051 
5A14/2 43 0.0572 0.0251 
SA14/3 	64 	- 	0.0224 
SAI4/4 137 - 0.0312 
5A15/1 	17 	0.0198 0.0155 
5A15/2 41 - 	0.0192 
3A15/3 	114 	- 0.0221 
5A14/T1+ 23 	- 	0.0036 
SA14/72 	40 - 0.0043 
SA14/T3 	64.5 	- 	0.0037 
3A14/74 	137 - 0.0055 
0.0118 	0.0848 0.0251 	10.998 
0.0104 	0.0674 0.0291 	10.990 
0.0352 	0.0832 0.0526 	10.956 
0.0072 	0.1141 0.0245 	10.997 
0.0049 	0.1144 0.0245 	10.997 
0.0061 	0.2280 0.0253 	10.983 
0.0041 	0.0161 0.0091 	11.036 
	
0.0431 -0.0110 0.0682 	11.011 
0,0062 	- 	0.0285 	10.995 
010104 	- 0.0416 	11.015 
0.0160 	- 	0.0315 	11.022 
0.0074 	- 0.0266 	11.006 
0.0000 	- 	0.0221 	11.026 
0.0000 	- 	0.0036 	10.346 
0.0000 	- 0.0043 9.711 
0.0156 	- 	0.0193 	9.746 
0.0000 	- 0.0055 9.653 
*Concentrations are in uoles per litre Si02 
'Sauples 5A14/T refer to solution returning from the soxhlet thinbie 
**Refers  to any species in solution which depolynerise only when !laOH added 
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Table 8.11 Results for Soxhiet Syntheses based on the Composition 
used by Bibby and Dale( 77 ) 
Run 
No 	Reaction Compos iti on* 
SOl 	30NaOH 400EG 2001120 
S02 30K011 400EG 2001120 
Silica 	Reaction 
source time/d 	Product 
Kieselgel 	20 	Silicate 
Cab-0-Sil 33 Silicate 
= reactions are based on a total of 20 Si02 if allowed to run to 
completion 
EG = ethylene glycol 
PAGE 303 
Table 8.12 X.RPD Data for Samples from Reactions SOl and S02 
S01(Prod) S02(19d) S02(Prod) 
I 2e d/R I 28 d/X I 28 dIR 
rn-s 14.82 5.98 w 10.90 8.12 vw 10.68 8.28 
m 20.80 4.27 m 21.18 4.20 w-m 14.10 6.28 
s 21.52 4.13 m 21.91 4.06 vw 19.92 4.46 
s 22.49 3.95 w 22.80 3.90 w 21.65 4.11 
s 22.51 3.95 vs 23.82 3.74 m 21.81 4.08 
M 23.60 3.77 m 24.40 3.65 s 22.79 3.90 
s 24.46 3.64 m 24.52 3.63 m 26.07 3.42 
s 24.49 3.64 m 24.67 3.61 vs 28.40 3.14 
m 29.25 3.05 m 24.88 3.58 s 29.73 3.01 
s 30.07 2.97 w 26.10 3.41 m 30.51 2.93 
m 33.72 2.66 w 28.43 3.14 w 32.28 2.77 
m 34.70 2.59 w 29.76 3.00 w 34.20 2.62 
w-m 35.40 2.54 s 30.61 2.92 w 36.00 2.50 
vs 37.00 2.43 w-m 32.97 2.72 vw 37.80 2.38 
w 42.28 2.14 m 36.96 2.43 vw 38.15 2.36 
w 44.5 2.04 vw 39.6 2.28 vw 38.81 2.32 
w 48.0 1.90 w-m 43.18 2.10 vw 40.13 2.25 
w 48.4 1.88 m 44.5 2.04 w 40.61 2.22 
w 40.71 2.22 
w-m 40.90 2.21 
vw 42.13 2.15 
w 43.77 2.07 
w 44.06 2.06 
vw 44.20 2.05 
w-m 44.49 2.04 
w 44.60 2.03 
w 46.54 1.95 
vw 46.90 1.94 
vw 47.43 1.92 
w 49.33 1.85 
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Table 8.13 Reactions in which MOH = 3.5 
Run Reaction 
No Reaction Composition* time/d Product 
S03 3.5NaOH L+OOEG 2001120 12 Amorph 
SO4 3.5NaOH 400EG 200H20 27 Sodalite 
S05 3.5NaOH L+OOEG 200H20RV 31 Sodalite 
S06 3.5NaOH 400EGRV 32 Amorph 
S07 3.5NaOH 0.5A1203 400EG 200H20 6 Axnorph 
S08 3.5K011 400EG 200H20 40 Amorph 
S09 3.5KOH '+OOEG minimum 1120 30 Amorph 
SOlO 3.5TMAOH 400EG 2001120 38 Ainorph(HAP) 
soil 3.5NaOH 0.1 KBr 400EG 200H20RV 72 Ainorph(HAP) 
* = all reactions contain 20Si02 if allowed to run to completion 
EG = ethylene glycol 
RV = silica added to reaction vessel at commencement of reaction 
HAP = high angle peaks only 
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Table 8.14 Variation of pH and Monomer Concentration of Refluxing 
Solution with lifetime of Silica in Thimble during Reaction SO4 
Silica Age Solution Monomer 
Sample /d pH molarity 
1/1 0* 6.809 0.49x10-3 
1/2 3h 7.730 2.39x10-3 
1/3 1 7.892 1.52x10-3 
1/4 2 8.556 1.52x10-3 
1/5 4 9.270 0.27x10-3 
2/1 0* 5.924 0.16x10-3 
2/2 5h 6.478 3.80x10-3 
2/3 1 6.500 1.90x10-3 
2/4 2 7.491 1.74x10-3 
2/5 6 7.771 0.98x10-3 
3/1 0* 4.652 0.05x10-3 
3/2 1 5.562 0.71x10-3 
3/3 3 7.500 1.90x10-3 
3/4 5 6.955 1.80x10-3 
*First ref lux after soxhiet thimble recharged with silica 
Table 8.15 XRPD data for 9 day sample from Reaction S08, Potassium 
hydrogen silicate KHS1205 
Product S08 	 KHSiiO. 
Peak 
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Table 8.16 Reactions in which MOH = 2 
Run 
No 	Reaction Compos iti on* 
S012 2NaOH 400EG 2001120 
S013 2NaOH 2TPABr 400EG 2001120 
3014 2TMAOH 2TPABr 400EG 2001120 
9015 2NaOH 2TMABr 400EG 2001120 
S016 2NaOH 2KBr 400EG 200H20 
S017 2NaOH 0.1A1203 400EG 200H20 
S018 2KOH 0.1A1203 400EG 200H20 
S019 2NaOH O.1A1203 4001120 
S020 2NaOH 0.1A1203 4001120 
* = all reactions based on total of 20Si02 if reaction goes to 
completion 
EG = ethylene glycol 
Table 8.17 Structures formed by Calcination of S019 
at increasing temperatures 
Temp Phases* 	 Strongest reflections d/R* 
550°C NaA1S1O.4.6H20 6.58 3.00 3.86 
700°C NaAlSiO.4.6H20 6.58 3.00 3.86 
+ unidentified phase 
800°C Na20.A1203.Si02 4.17 2.58 2.55 
900°C NaA1SiO4 3.00 3.83 3.26 
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Figure 8.6 Variation of Ratio of Weight Losses [(430 —520 0C)/(350 - 
4300C)] during Thermal Analysis with Synthesis Time for Samples 



















Figure 8.7 Variation of Ratio of Weight Losses [(430 -5200C)/(350 - 
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Figure 8.11 Thermal Analysis Traces for Silica Removed from the 
Soxhiet Thimble at the Completion of Reaction SOl 
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Figure 8.15 Changes in the XRPD Pattern of the Solid Phase with 
Synthesis Time during Reaction S08 
PLATE 20 : MICROGRAPHS OF SAMPLES TAKEN FROM REACTIONS SA3 AND SA4 
A : Sample SA3/2, synthesis time = 7 days. Magnification x 17900. 
B : Sample SA3/3, synthesis time = 14 days. Magnification x 17900. 
C 	Sample SA4/3, synthesis time = 23 days. Magnification x 9120. 
D Sample SA4/5, synthesis time = 50 days. Magnification x 8930. 
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PLATE 21 : MICROGRAPHS OF products SO4 AND S05 
A 	Product SO4. Magnification x 2520. 
B : Product SO4. Magnification x 10200. 
C : Product SOS. Magnification x 5230. 
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9.1 Pseudomorphic Reactions 
The investigations described herein have confirmed that the 
structure and the mechanism of formation of gel particle silicalite 
are as had previously been reported(124) . The synthesis of 
pseudomorphs of ZSM-5 which are highly crystalline but not 
associated with a large proportion of associated fines has proved to 
be difficult. In such systems, the major factor proved to be the 
manner in which aluminium was incorporated into the reaction 
mixture, and in particular the required pH as in systems of high pH 
pseudomorphic synthesis was not successful and large proportions of 
fines resulted. This proved to be true even when the silica gel had 
been precrusted with silicalite. A more successful method has been 
found to be the impregnation of the silica particles with a solution 
of aluminium nitrate prior to reaction, followed by heating at one 
of three temperatures (25, 65 or 3000C) to simply dry the gel or to 
decompose the nitrate, according to the temperature used. The 
temperature used (and therefore the form in which the aluminium was 
present) has been found to have little effect on the product. It 
should be noted that the maximum crystallinity of these materials 
was only 50% of those produced in systems of high pH. The degree of 
aluminium incorporation into the .pseudomorphs has been estimated by 
both X-ray fluorescence and thermal analysis; the former confirmed 
that the proportion of aluminium in the aggregates (often >50% 
amorphous) reflected that of the reaction mixture, while the latter 
method gave an estimate of the proportion of aluminium in the 
crystalline phase. This was generally within a relativly narrow 
range (Si02/Al 2 03 =100 - 180 as opposed to ratios of 30 - 240 in the 
reaction mixtures). 27A1 MASNMR was also used to distinguish between 
tetrahedral (framework) and octahedral (non-framework) aluminium. 
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Irrespective of the synthesis time (i.e. product crystallinity) or 
method used, the proportion of tetrahedrally co-ordinated aluminium 
in the aggregate proportions was found to be 80%. 
Catalytic testing showed that the activities of products synthesised 
from precrusted gel were very much higher than for those synthesised 
by pre-impregnation, in direct relation to the relative 
crystallinities of these materials. In the isomerisation of a 
meta-xylene feedstock, the selectivity of para-xylene was, for most 
zeolitic products, of the order 2 - 3.5. This is a typical 
selectivity for ZSM-5. Only product 114 showed higher selectivity for 
para-xylene and SEN analysis suggested that this was associated with 
an amorphous coating on this material. 
Use of alternative sources of silica was completely unsuccessful in 
stirred autoclaves. The use of static and tumbled reactors was 
briefly investigated for both Kieselgel and Shell silica spheres. As 
had previously been reported(124) in static systems Kieselgel gave 
non-pseudomorphic aggregates. Pseudomorphic materials were produced 
when the Shell spheres were used but the sizes of both the internal 
and external crystals were much greater than had been seen for the 
products from stirred autoclaves. Pseudomorph formation appeared to 
be favoured by an increase in the aluminium content of the reaction 
mixture. 
The crystallisation of other molecular sieves in pseudomorphic form 
was successfully achieved only for EU-1. This was attributed to the 
strong structure directing role of hexamethonium bromide (which 
parallels that of tetrapropylainmonium bromide in ZSM-5 synthesis). 
The synthesis of ZSM-5 in pseudomorphic form appears to be of little 
benefit catalytically, and results in products of low strength as 
measured by attrition. The material which showed the highest 
selectivity for para-xylene appeared to be coated with a layer of 
amorphous material and it might therefore be possible to improve 
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both the strength and the selectivity of these materials by 
impregnation of the aggregates with e.g. silica sol prior to their 
use as catalysts. Any such procedures would, however, complicate the 
production method and make this a less attractive route. It is 
likely that the potential for further investigations lies more in 
the synthesis of pseudomorphs of other zeolite structures where the 
associated advantages may be greater. EU-i is one obvious material 
where further investigation may produce useful results. 
9.2 Reactions in Soxhiet Systems 
Both aqueous and organic-based soxhiet reaction systems have been 
investigated. Kinetic silica analysis has shown that the silica 
species transferred from the soxhiet thimble are essentially 
monomeric, but in all reactions an amorphous gel formed in the 
reagent solution before any crystallisation was seen. During the 
later stages of many reactions, however, this gel was consumed and 
crystallisation was controlled by the rate of silica addition. In 
aqueous systems both ZSM-5 and ZSM-ii of high crystallographic 
purity were successfully synthesised. The main disadvantage of this 
synthesis method was the duration of each reaction (due to the slow 
addition of silica), while it was also found that impurities such as 
iron, aluminium and sodium were incorporated into the products. 
In organic-based systems, ethylene glycol is the only solvent which 
has been investigated. Crystalline products included sodalite, 
silicalite-i and silicates. Although in some reactions it is 
possible that a zeolitic phase might have been produced had the 
reaction time been further extended, the conversion of the silicate 
phase to amorphous silica with further silica addition in reaction 
S08 shows that the progression from silicate to zeolite as further 
silica is added cannot be assumed to occur. 
Synthesis by soxhiet extraction does not possess all of the 
advantages which had been hoped for while the duration of each 
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synthesis is a major disadvantage. The areas in which this synthesis 
method appears to be of greatest potential are the synthesis of 
crystallographically pure materials (e.g. ZSM-11) and the use of 
mixed aqueous/organic solvents where the investigation of organic 
components other than ethylene glycol may yield interesting results. 
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APPENDIX 1 
CRYSTALLINITY ESTIMATES FROM THERMAL ANALYSIS IN RELATION TO IDEAL 
SILICALITE PRODUCT (12.36% WEIGHT LOSS) AND AS A PROPORTION OF THE 
TOTAL SAMPLE WEIGHT OR THE RESIDUAL WEIGHT 
Run 350-600°C 380-5200 C 
No %total %residual %total %residual 
El 23 26 19 21 
E2 66 76 59 68 
E3 79 91 73 84 
E4 73 83 66 75 
E5 79 91 72 83 
E6 .88 101 83 95 
E7 90 103 83 95 
E8 79 91 70 81 
Fl 81 92 72 83 
F2 83 95 75 86 
Gl 56 66 35 41 
G2 46 54 27 33 
G3 54 63 36 42 
G4 44 55 29 37 
G5 63 73 50 58 
G6 65 75 47 55 
G7 63 74 49 57 
G8 62 70 50 57 
G9 66 79 54 64 
G10 71 82 61 71 
Gil 76 88 67 77 
G12 83 95 74 85 
G13 84 96 77 88 
G14 67 82 59 72 
G15 45 66 39 57 
G16 80 91 74 84 
G17 74 85 66 77 
G18 91 106 83 96 
* = figures quoted in text 
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Run 350-600 0 C 380-5200C 
No %total %residual %total %res idua l* 
Hi 43 50 25 29 
112 40 50 25 31 
H3 44 55 29 36 
114 51 61 37 43 
1-15 50 59 34 40 
116 62 73 45 52 
117 56 70 45 57 
H8 76 87 68 78 
H9 83 96 67 77 
H10 70 80 62 71 
1111 73 87 67 80 
H12 56 67 46 56 
H13 86 99 78 90 
1114 75 87 67 78 
H15 78 88 70 80 
H16 91 106 83 96 
Ji 56 75 50 66 
J2 52 61 37 43 
Ki 71 86 61 75 
K2 65 81 57 70 
K3 5.1 61 34 41 
K4 60 70 42 50 
K5 73 85 61 66 
K6 66 77 55 64 
K7 73 88 65 78 
Li 42 47 26 30 
L2 62 73 47 56 
L3 62 76 53 65 
Ml 55 64 39 45 
M2 46 53 36 40 
Ni 81 97 67 81 
N2 71 85 51 62 
* = figures çuoted in text 
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Run 350-600 0 C 380_520 0C 
No %total 	%residual %total 	%res idua l* 
P1 6 	6 3 	3 
P2 26 27 22 23 
P3 6 	6 4 	5 
P4 88 101 78 89 
P5 88 	100 75 	86 
P6 31 36 25 29 
P7 90 	102 85 	97 
P8 92 105 87 99 
* = figures quoted in text 
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APPENDIX 2 
DIFFRACTION PATTERNS OF UNKNOWN MATERIALS 
Reaction W7 Reaction W6 
calcined calcined 
28 d / 1/10 29 d /R 1/1 0 
12.50 7.08 w 
13.54 6.54 m 
13.80 6.42 m 
15.93* 5.56 vs 
17.00 5.22 vw 
17.59 5.04 w 
18.37* 4.83 m 
18.60 4.77 w 
19.00 4.67 w 
21.64 4.11 m 
21.74 4.09 w 
23.03 3.86 m 
23.11 3.85 m 
23.23 3.83 m 
24.35* 3.66 m 
26.03* 3.42 s 
27.20 3.28 w 
27.5 3.24 w 
27.92 3.20 w 
28.2 3.16 vw 
28.62 3.12 vw 
29.80 3.00 m 
30.0 2.98 m 
30.61* 2.92 m 
31.3 2.86 vw 
32.00 2.80 vw 
33.35 2.69 w 
33.4 2.68 vw 
35.90* 2.50 w 
36.60 2.46 vw 
37.07 2.43 vw 
40.08 2.25 vw 
40.59 2.22 vw 
44.56* 2.03 vw-w 
47.90* 1.90 w 
48.77* 1.87 vw-w 
* = assigned to analcime 
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